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Luis W. Alvarez, Hugh Bradner, Jack Franck, Hayden Gordon,
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Wolfgeng KoH., Panofsky,*** Chaim Richmen and John R. Woodyard.
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ABSTRACT

A linear accelerator; which inc?eageé the energy of protons from a 4 Mev
Van de Graaff injector, to & final energy of 31;5 Mev, has been constructed.
The accelerator consists of a cavity 40 feet long and 39 inches in diameter,
excited at resonance in a longiﬁudinal electric mode with a radio=fre§uency
power of about 2.2 x 166 watts peak at 202.5 mc. Acceleration is madg possible
by the introduction'of'46 axial "drift tubes™ into the cavity, which is designed
such that thelparticles traverse“the diSténqé between the centers of successive
tubes in one cyecle of the r.f. power., The protons are longitudinally stable as
in the synchrotron, and are stabilized transversely by the action of converging
fields produced by focusing grids. The electrical cavity is constructed 1ike
an inverted airplane fuselage and is suppofted in a vecuum tank. Power is -
supplied by 9 high powered'os§illator;.fed from a pulse generator of the
artificial transmission line type. Output.currents are SIx 10=9 ampere average,
and 50 pa peak. The beam has a diameter of 1 cm and an angular divergence of

10~ radigns.

*Now with the Link-Belt Co., Indianapolis, Indiana.
**Now at Pagosa Springs, Colorado,

***Now with the Department of Physics, Stanford University, Stanford, Calif,.

7&his work was performed under the auspices of the Atomic Energy Commission.
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I. INTRODUCTION

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

the war that radio frequency linear accelerators of the Sloan-Lawrence~ type were of
historical interest only. This feeling arose largely because the cyclotron was found
to be such a reliable device, with beam intensities far beyond the most optimistic
hopes of its originators. Aﬁ the same time, it was realized that to make a competitive
linear acclerator for‘protons or deuterons would require far higher power: than was
then available at very short Wavelengthéo Although prewar r.f. linear accelerators
are responsible for our present knowledge of the production of x-rays by high speed
heavy ions, they played no par£ in increasing oﬁr knowledge of the nucleus. (Kinsey2
reports that high speed Li ions impinging on hydrogenous material give the well-known
alpha particles first observed by Cockcroft and Walfoﬁo)

Interest in linear accelerators was revived,towardithe end of the war for several
reasoﬁs. Pressing military need had led to the development of vacuum tubes capable
of producing megawatts of pulsed r.f. power down to the microwave range. The main
technical bars to the conétruction of linear accelerators for electrons and light
nuclei were thus removed.

But there would probably have been no great postwar 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 enefgy limit for
particles accelerated by a cyclotron. The 184~inch cyclotron was originally

Now with the Link-Belt Co., Indianapolis, Indiansa,
*::Now at Pagosa Springs, Colorado.
Now with the Department of Physics, Stanford University, Stanford, Calif.

NOTE: This paper is a revision eand condensation of a report (UCRL-236/AECU=120)
published November 30, 1948,
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designed with the purpose of extending that limit as far as possible, but the
goal was only about 100 Mev deu#e?ons, even though a dee voltage in the
neighbérhoodgof loé x 168 was to be used.

Since no significant theoretical limit is apparent for linear accelerators,
it was felt that they should be reinvestigated as a means of reaching energies
in excess of 100 Mev., Similar reasoning was applied to the electron case,
where the betatron was known to have a practical energy liﬁit only a few
times greater than that of the cyc‘lotroﬁo No electron linear aqcelerators
haed been built before the war, but a description of the typg now operating
in a number éf laboratories was given in 1941 by D. H. Sloan..5 Such accelerators
have been treated>in detail by several authors,,4 and as they present quite
different problems, they will not be discussed in this article on proton
acceleratorso: |

The sitgation as outlined above was drastically altered‘in 1945 by the
introduction“of fhe synchrotron concept.5 In principle this removed the
cyclotron upper limit, and raised it considerably in the betgtron'case to
about 2,000 Mev. Clearly the linear accelerator must have had éome other
apparent adv&ﬁtage to have remained in the pictuz';e° Although recent studies
have sﬁown tﬁat the original arguments for undertaking the construction of
a proton linear accelerator were not basic, the state of the art at that time:
did not allow them to be contradicted in a convincing manner,

The argumént wes essentially as followss The cost of a relativistio
magnetic accelerator varies roughly as the cube of the energy, so long as the
basic design is merely scaled in itsllinear diﬁensions proportional to the
energy. On the other hand, the cost of ‘a linear accelerator varies directly
;é the first power of the energy. If these cost vs. energy curves are plotted
on double logarithmic paper, they will clearly be straight lines with slopes

three and one. There will always be an intersection of the two lines,and
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for energies greater than the "cross-over® energy, the cost of a linear machine
will be less than that of the circular mé;hineo Since the cost of either machine
is quite high in this region, it was felt thaf even though a linear accelerator
might be more complex tha? & synchro-cyclotron, ‘the design decision might have

to be made onbecdnohio gréundsa é

The new consideration-which-has altered our thinking in this matter is
that beyond & certain energy, the magnetic mechines can be changed in basic
design., Inste&d'of accelerating with constant field and changing radius, the
two conditions are reversed., The important.change ié %hat a ring magnet cén
then be used. This ring-shaped magnetic machine, which is really a proton
synchrotron, waS‘proposeé by Oliphant in 1944, béfore the work éf Veksler and
McMillan, but it was generally felt for some time, in this country, that
although Oliphant's plen was most attractive in meny ways, so meny unsolved
and serious prqblemé“were involved in its practical realization that other
alternative méfhods of~attaining high energy protons should be explored,

Within the past few years, critical examinationrof the whole question by two
groups in this country has shown that without qﬁestiong all the problems are
solvable. Therefore, both the Radiation ﬁaboratory and the Brookhaven National
Leboratory have built such machines. for protohs.

To see how this factor alters the economic conclusions originally reached,
it can be showh'thét not long after the "magnetic cost line" has crossed the
"linear cost line,® the forﬁer drops to & much lower cost value for the same
engrgy,vand then rises -again with slope equal to three. The arguments of
dimensidﬁal analysis are still”theoretically sound; there will still be a
erossover at‘higher energies. But long before this point is reached, the
cost of eifher machine is so high that both are excluded on econdmic grounds,.

In the fall of 1945, we started the deéign of a M™pilot model™ proton

linear accelerator to explore the possibilities of the method. No plans
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were made for extending the length of the machine beyond the ofiginal 40 feet,
but it was assumed that this question would be explored after successful
operation of the first secﬁion° If at that time it appeafed wise to continue
on to higher energies, such & decision could then be maaeo In view of the
present status of the proton synchfqtron at Berkeley, n§ extension of this
machine is planned here. It should be pointed out that at the present
time, we know of no technical reason which makes this extension imposgsible or
even difficult. In fact, Jo Ho Williams at Minnesota is now building a proton
linear accelerator of the same type, which is 100 feet long, and will give
protons of 65 Mev.”

For the moment, then, we are concentrating on using the 40;foot accelerator
as.a research tool. The machine has a number of advantages over the synchro-
eyclétron as & physics research tool. In particular, the characteristics of
the external beam of the linear accelerator are most attractive. Eighty-five
percent of the beam is cmcentrated within a circle of 3 mm diameter; the
angular divergence of~thé~£;am is approximately 10"3y and the energy homogeneity
is about 3 x 10™%, The average external beam is about 10° times that of the
184-inch cyclotron, and the average external beam current densibtby is about
106 times as grest,

(2) Genersal Design Characteristics. The general design characteristics

pertaining to linear accelerators have recently been discussed in detail by
Slateros In particular, Slater points out that the attainable voltage V of
a linear accelerator 6f 1ehgth 12 being fed at d peak power P is given bys

v - /2 QL2 xUA (1)
where A is thevfreeaspace wavelength, The constant K depends on the detailed
geometrical arrangement,and numerical values for the Berkeiey(gecélerator will

be discussed later. A linear accelerator contains essentially different types

*The British Atomic Energy Establishment is actively engaged in the design
of a 600 Mev proton linear accelerator,
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of equipment whose cost is proportional either to: (a) length, (b) peak power,
(¢c) average power, (d) energy per pulse. All these factors affect the choice
of wavelength, length of the machine, and duty cycle of operation. The puiée

length of a resonant accelerator,‘1:§ is given bys
; )

T ad < A2, ) (2)
in order to permit full build-up of field; in.terms of energy per pulse, U,
Eq. (1) thereforé becomes s |

v=xut? g2 X1 (3)
The wavelength dependence of power re@uirement for a given voltage andwléngth
is therefore small (y}&/%), but the wavelength‘dependence of energy per pulse,
on which the cost of the pulse equipment depends, is large (;Sz). From the
latter point of view, it is particularly desirable to choose a small wavelength.
However, there are several reasons for using long wavelengthé,.so one must make
a compromise. As is shown in the next section on cavity modes, the difficulty
of maintaining the proper field pettern in a staﬁding wave accelerator increases
as the square of the cavity length to wavelength ratio. (This ratio is called
the electrical length of the cavity.) A second reason for using long wavelength
comes from the necessity of a sufficiently large drift tube aperture. This
reason dominated our thinking when foil focusing was to be used, but now that
grid focusing‘is used, it is of lesser importance than the electrical length
argument,

The present accelerator is designed with A = 150 cm (200 megacycles).

An important reason for the original choice offthis waveleﬁgth was the
availabi;ity of surplus radar equipment in this range. Although this radar
equipment is ﬁo longer used to power the accelerator, it appears that the

original choice of wavelength was very fortunate.
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It might appear as if the balance betwgen length and power would be made
by matching the cosf pf ?he length proportiongl items end the power (or engrgy)
propértional items. Actuglly.in this and all other machines under design, as
much power per wiit length is applied as is feasible, compatible witﬁ electrical
breakdown or available power sources. For a machine of the type discussed
here, this limitetiond originally permited energy gains of only‘ébout two to
three million electron volts per meter, At‘higher gradients, x~réy emiésion
from the machine requires that extensive shielding be employed. (The x=ray
yield increases ds about the sixth power of the gradiento) Reéené'studies at
the Radiation Labbratofy have shown that surface igyers of pump oil are responsible
for most of the electron emission at energy gains of three Mev per meters
The use of mercury or ion pumps permits “energy.gradients" of more than twice
this value to be employed, with practicai values of xnrayAemiSSion and sparking
rate, | |

The choice.of duty cycle is dictated by considerations of power consumption,
cavity coolings and tube power dissipation. ’Incfease in repetition rate will not
appreciably increase the cost of the pulse equipment; thé pulse length is;therefore
chosen to give @ ‘duration of the pulse equal to several Mbuild-up times™;
the repetition rate is then chosen in accordanéevﬁiﬁh avéilaﬁlé power,

The injection energy in the Berkeley‘accelerator was chosén 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 accomplish focusing by means of thin berylliﬁm
foilso7"MultipIe scattering in these £0i158 made it necessary to choose a
high injection energy. The 10 Mev linear accelerator which is to inject protons
into the 6 Bev "Bevatron® is designed to accept 500 Kev protons from & Cockeroft-

Walton generatofo
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‘It operates in a most satisfactory manner at an energy gradient of 0.5 Mev
per foot, at a wavelength of 150 cm. 'KThere is no apparent reason why the

injection energy could not be of the order of 100 Kev.)

II. CAVITY DESIGN }

54

(1) Basic Geometry. A 1ineaf accelerator fof protons starting from low
velocities (B = v/c =“0092, 4 Mev) can;ot be.practioally constructed on the
basis of loaded wave guide geometry as is done for eiecfrbﬁs;4 Loadiﬁg which
would reduce the phase wvelocity to this low figufe would lead to excessive
r.f. power loss., For this reason, loading as such is not used. Instead, the
phase velocity is made infinite; that is, the eleétrio field is everywhere
in the same phase, and small hqllow conducting édrift tubes“ are provided to
shield the protons while the field is in the wréngrdirectioﬁp The drift
tubes also cause a small éﬁount of field pertufbation which must be taken
into account'ih:designing the resonator.

The resonant cavity is essentially a long cylindrical cavity operated in
the axial electric (0,1,0) mode, that is, the mode in which an axial electric
field without azimuthal or transverse ﬁodes is éroducedg as shown in Fig. 1.
Efficient acceleration in a simple cavity is possible only if ifs axial length
is shorter than ﬁ?\/? where ;\ is the free-space wavelength corresponding to
driving frequency, which, excepting for very low voltage machines, is not feasible.
For this reason, the drift tubes prefiousfy'mentioned are introduced coaxially
in the c¢ylinder, as illuétrated in.Fig, 2y with the distance between centerlines
AB of successive drift tubes Qquél to BA. ,vathe gap g between drift tubes
is short compared to B;\/ég the voltage gain of the paftiéie can be nearly equal
to the peak r.f. voltage developed across the gap. Note that the particle
takes one full r.f, period to travel between midpointé of successive drift

tubes. Bach drift tube is charged oppositely at each end, (no net charge on
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any tube) and all drift tubes are excited in phase. In the long wavelength
Sloan-Lawrence acceleratorl (Fig. 3), the drift tubes have alternately plus
and minus net charges, and the distance between drift tube midpoints is BA/2,
rather than BA as it is in the cavity accelerator.

The general field geometry in the ™unit cell®™ ABBA is very nearly the
geometry of a doubly re-=entrant symmetrical cavit& excitedvin the lowest mode,
such as is used in klystron resonators, T.R. boxes, etc. The éntire accelerator
can therefore be considered as being a juxtaposition of such cells repeatedly
excited in such a phaée %hat_the current flowing on opposite sides of the
joining faces AB (see Figs. 2 and 4) cancels. Such a picture would be exact
if each successive cell were identical to the'previous one; however, due to
the progressive change in B corresponding to the gain in energy, the field
distribution of the actual accelératbriwill'not be exactly that corresponding
to the distribution if the walls AB were actually present. TFor purposes of
design, however, experimental aﬁ& theoretical data based on single cell
structure models are entirely adequate,

The joining of the unit cells is possible if each cell is accurately
tued %o thé same frequency. The tolerance of ﬁhe tuning of the individual

9 on the resonant

cell will be discussed later. qublished desigﬁ figures
freqﬁencies of this type of geometry are’not of ;ufficient range to be used
here, and also the details of the mechanical support structure of the drift
tubes and siﬁilar deviations from ideal geometry made it necessary to derive
the data pertaining to the resonant frequency of the unit cell from models.

10 are shown in Fig. 5, using the notation as indicated

The resultant data
in Figs. 2 and 4. The data are plotted in terms of dimensionless ratios to

permit easy scaling. These data can be fitted by the empirical equation:

los

= (=1.271) + (1.,6:3) -2:+ (‘1;09.6-_) %af (3.58) % | (4)

in the renge of application used here.
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It is'cléar that as the energy, and hence B and L/c\ increases, the dismeter
d of the drift tube decreases; this decrease will eﬁentually lead to & point
where the design becomes impractical due to insufficient beam aperture and
excessive curvature at the énd of the drift tubes, with consequent high surface
fields, For this reason, the diameter D of the ;uter cavity must be chosen
small enough to conform to this limitabion for the highest values of p; if
chosen too small, the drift tubes on the low B end will become too large in
diemeter with consequent increase in losses. In the 40" linear accelerator
described here,_itrwas possible to compromise between these two extremes by the
choice D/A = .66, (Note that an unloaded cylindrical cavity is resonant at
vD/ﬁ\ = o7660) If low energy injection had been ﬁsed, it would probably have
been impossible to find a satisfactéry compromise on the diameter of %he cavity
which would have permitted the use off“reaéonable" drift tube geometry at the
two ends of the cavity., The cure for this would ﬁave been to use a tapered
cavity, which would have increased the mechanical problems in fabricating the
cavity, To build a multi-cavity accelerator for high energies, one would no
doubt employ cavities with smaller diameters in the higher energy sections,

(2) Voltage Gain and Input Power. The voltage gain per unit cell is

determined by three factorss a) geometry, bj power input, d) phase of particle
trensit, —

Let N be the crest value of the'magﬁétic'flux circulating in the unit
cell.® It can then be shown easily that the voltage gain in the unit cell is
then givén bys L ong

sin +=

TE
TE

V= WK cos ¢ (5)**

if the electric field lines are assumed to be parallel across the gap; here

*Since the magneﬁiq 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,.

**IKS units are used ﬁhroughouto
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# is the transit phase angle relative to the phase
of a particle crossing the center of the gap at_thé time of maximum voltage.
On the other hand, WUN is given in terms of the powerIIOSSes in the walls

" (and beam loading, here considered negligible) by a relation of the form:

2Pz; B (6)
where le the shuntmimpedance/hnit cell, is detéfmined by the geoﬁetryﬁaﬁd
the skin depth of the cavity wall material. For a continuing structure, Zl
is proportional to the length; e.g., for a cylindrical, unloaded davit& of
length Jl excited in the axial electric (09190) mode, the shunt impedance

is given by (neglecting end-losses):

. 4914 o L

Z, = =[x 5% 185(%) Qo ohms - (7)

where a = A/2.61 is the radius,and Ss/aﬁ? is the skin depth of the walls
of conductivity ¢~ , and where Qo = a/% is the conventional vaalﬁe of the
cylindrical infinite cavity. To judge the merits of comparative drift tubé
strﬁctures and to estimate the.voltage gain as a function of power input, it
is therefore necessary to evaluate the shunt impedance per unit length (Zl/ﬁ_)
of the loaded cavﬁty relative to the similar quantity for the unloaded cylindri=-
>§af;strucfure as given above. This evaluation was done Semi—empirically by
mapping the magnetic field B across the azimuthal plane of the cavity, by
means of an exploring loop, as shown in Fige>6; The shunt>impedance Zl and
the Q are then obtained by numerical evaluafibn of the integrals:
(e L e
j[—; 41 Cross section of fiel
Ko j’Bsz

Surface
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fézrdA
Q = 41c Field (9)
8 fB2an |
Surface

Typicael resultant values* of Q and Z,, tabulated relatively to the unloaded

cavity values, are given below., (Table I.)

Proton Energy | B = L/A »Zl/ﬁ'ohms/%eter Zo/ﬁ.ohms/hetér Q Qo
. (Mev ) . . - _.,v.. - j ‘. N . . .
50 .315 41 x 106 3,75 x 106 106,000 | 117,000

Frequency 148 m.c.
Table I
The resultant values of 2Z;, Z,, Q and Q, require an additional correction factor
of approximately 1/(1l+ a/utj'té'é6rrecﬁ for end losses in the cavity. DNote that
' theAshuﬁﬁ iﬁpedanée/hnit length of the lbaded éévity as calculated from the field
plots is actﬁally slightly larger than that of the wunloaded cavity, and the @ is
slightly less, although the difference is probably within the accuracy of the
measurements. (Thé simple theory of the variations ong'and Z indicates that
they should go in the observed direction.) |
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 account, However, a simple measurements of the experi-
mental Q of the cavity will give a messurement of the true shunt impedance also,
siéce Z and Q are reduced in the same ratio. The resultant values, arrived
atlby’experimental measurement of Q'afe given in Table II, computed for the

entire accelerator.

q Z(ohms) | Power for V.= 28 Mov#* (watts)

‘From flux plot 106,000 .| 457 x 10° 1.40 x 106
From Q measurement | 72,000 | 311 x 10° 2,06 x 10°
Table IF¥

*Experimental values are probably-aécurate to * 10 percent.
**Poking §S=}3o°9 g/L = .25 (see Eq. (5)).
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(3) Modes of a Long Ca#ity, In designing the acgelerator cayiﬁy from data
obtaeined on unit cells, a définiﬁewa§sgmption has to'bé"ma&é pertaining to the
voltage gain per cell, In orﬁér ﬁo jdin_thg cells withoﬁt partition, the wall
currents, and therefore ﬁhe'wall magnetic fields, must be continuous. Since, as
shown by magnetic flux plots, the ratio of total flux per unit length (and
therefore voltage gain per unit length) to thebmagnetié field at the edge varies
by only 20 percent from the injebfion end to the output end of the accelerator,
(the ratio being higher at the high voltage end) it was decided to design the
accelerator for constant vbltage gain per unit Iéhgthg which results in a 20
percent "taper® of magnetic field along the cavity walls. The constancy of the
voltage gain pér unit length is of course also desirable in order'fdveQualize
the surface gradiént'along the accelerator and to reduce the tendency to spark.

In order to assure equality of the mean electric fieid_in g coupled structure
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 abbve,-sincex (a) the extension
from gniﬁ éells to tﬁe long acoglérafbr'of vdrYing_gnits 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 isvnbt quite sufficiento For this reason it is
necesséry to adjust the final field distribution to its velue required for
acceleration by correction applied to the cavity as a whole.

The behavior of the cavity can best be described by means of its mode
‘spectrum. The operating modes of the machine is on the lower edge of the pass
band of the cavity used as wave guide, and therefore the mode separation varies

quadratically as the limit is approachéd° Specificallyglfdr en unloaded cavity,
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the spectrum is given by:

2
fa = fo/l W(EFr) (203

where f, is the frequency of the lowest mode. The low end of the spectrum of

the 40-foot accelerator cavity is'plotted'in Fig.ﬁ?° Owing'tb the small mode
separatibn (.17 percenf) near the 1imit,’two'§fbﬁlems havé to be considered;

&) the possibility of "mode jumping® to an ad jacent mode, and b) the tolerances

in geometry required té assure thét“the lowest mode-has'the desired field paﬁtern.
These appear at first sight to be independent, but it will be shown shortly

that they are different aspects of the seme problem. The first is solvable

by proper disposition of the exciting oscillators or by careful tuﬁing, and will
be discussed later. The second can be analyzed Ey e simple perturbation calculation
in which we assuﬁe that the actual field distribution excited in & single mode
can be éxpénded in terms of the modes of a cavity whose mode.distribution is

the desired one,* hereafter called the "ideal® cévity.

A detailed derivation of the pertu;bation fheory equations would be out of
place in this reportﬂj Iﬁétead,an outline of the method of attack will be given
together with the final working equation. The long cavity is treated as a hollow
structure of circular cross section;vthe‘radiué varies as a function of'z, and

is given by the Fourier seriess

!

o0 .
ag = a, 11 +§1 P; cos 11rz (11)

In the case of an actual linear accelerator cavity, the natural frequencies of
the various unit cells will vary as a fgpotion of z. The connection between the
theories of the two types of cavities comes from the fact that in the hollow
cavity, the natural freguency of a given section is related to the radius by
the equaﬁioh:

(12)

*Such an expansion is always possible singe the normal modes in a cavity form
a complete orthogonal set of functions. ,
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We express the axial electric field in the hollow cavity ass

nwWz

. . * t . N
E, = Jy(k,r) eJ W B {1 +§Z:; €, cos (13)
Yls=

This field must satisfy the following differential equation:

r8r< }_’_8_2_1‘23,*__;@_ 1+% = 0 (14)
The boundary conditions are introduced through the requifement that Jo(Kzaz) = 0,
(tangential electric field = O at a conductor)., This requirement introduces |
(11) into the problem.
The solution of the problem shows that the coefficiént; En'depends only
oﬁ the coefficient P; =P s a cavity with only an nth harmonic radius variation
will have only an nth harmoﬁic'perturbation in the field pattern of its operating

field. The magnitude of €, is related to that of P, by the equation:

2 1

€ = p . (15)
where N is the "electrical length®™ of the cavity, L/}\o To show the relation
between field distortion and mode»separation in an ideal cavity, Eq. (15) may

be combined with Eq. (10}, to yield:

£, L
n = ?an;' P, (16)

(All of these equations are approximations which are good for low modes in

€

long cavities.)

N is 8.3 for the present accelerator, sos

€ _ 5% Pn '
n 2 | (17)

It is apperent from Eq. (17) that a first harmonic tuning error of a given

amplitude, =P;,* will give rise to a first harmonic field error 550 times greater.

*It should be noted that Pn was defined as the Fourler coefficient of the radius
variation; by Eq. (12)9 it will have opposite sign when used as the tuning error
coefficient,
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The "amplification factor,” 8N2/h2, is of such a form that tuning errors in the
highAharmonics do not distért the field patterns appreciably. As an example of
the high degree of accuracy Wiﬁh which the wvarious cells in the accelerator
jfi?st harmonic tuning error,

3

if the field is to be "flat"™ to £ 5 percent (€; = 0.05)J. P, = 0,009 percent.

must be tuned, we will calculate the permissible

This means that the average frequencie; of the two halves of the accelerator
must be the same to within about one part in 1O4o (The corresponding tolerance
on drift tube lengths is about 0,001"¢) This is too severe a tolerance to be
met mechanically, even if the designﬂdata were accurately enough known. In
practice; the Mend tuners," or variable length half-drift tubes at the two ends
of the cavity,hare used to alter Pl and PZ’ Such alterations can be made while
the cavity is exéited at its operating field strength, by motor controls., These
ad justments need be made'only after the accelerator has been opened for adjust~
ments; they are stable for weeks during operation.

The last paragraph was concerned with the problem of keeping the accelerator
in adjustment. The more serious problem is in first pubting it into such a
condition that Eg. (15) may be used as a guide for the final adjustments. If
the tworhalves of the cavity were de-tuned from each other by one percent, the
value of 61 would be greater than unity.i Since the equations were developed
from a perturbation theory (6n<<:l) they are no longer applicable when Py=1 percent,
Since such errors were present in the newly constructed aocelefator cavity, they
had first to be eliminated by another procedure. A moveable "end wall™ was placed
between two centrally located drift tubes. fhe resonant freqﬁencies of the two
halves of the cavity were then meéeasured independently. The positions of the
drift tubes were altered by small amounts so that the two halves of the cavity

had the same natural frequency. The same procedure was repeated with quarter

length segments of the accelerator.,
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After these preliminery adjustments, the cavity could be excited to give a
perturbed "zeroth mode" field pattern (Fig. 8a). This field pattern was Fourier
analyzed, énd the coefficients En were determined. From Eq. (18), the tuning

error coefficients, P,, were determined. Using these coefficients, a Fourier

n
synthesis yielded the tuning error as a function of z (Fig. 8c). Modél work
yielded df/d £, the variation.in natural frequency of a given unit cell with
drift tube length. The tuning error curve together with ar/aQ geve a "drift
tube length error curve.® Mechanical shims were constructed according»to this
last curve, and inserted-under the removable ends of the individual drift tubes,.
The new field pattern, which was acceptably flat, is shown in PFig. 8b.

The discussion ebove has been simplified to the extent of treating the
axial electric field as proportional to the surface magnetic field. Tﬁis is
very nearly so, but the constant of proportionality changes slowly along the
length of the accelerator. It .is & simple matter to "tilt the field pattern®
under operating conditions, by the use of the end tunérs, S0 one can ignore
the small lack of constancy of [?z/ﬁgj(zjc In practice, one tilts the field to
yield a proton beam at the lowest threshold electric field in the cavity.

If the accelergtor cavity were to be made.3015 times longer than it is,

NZ would be 10 times as great., This would cut the frequency separation of thé
lowest two modes to one-tenth of its present value (340 KC/10 = 34 KC). The
modes would still be dist;nct, since the width of the tuning curve is of order
f/@rm 2 x 10° KC/% x 10%'= 3 Kc. Mode Jumping would therefore not Be a problem,
~even though the modes were 10 timeé closer, However, a éavity 10 times as

long as the éresent one would have problems connected with mode jumping. (One
could not assure that the field pattern Would.be constant in time, since the
tuning curves of the lowest modes would overlap,)

The effect of increase length on the field pattern in the operating mode
also'goes as N2s or inversely as the mode separation., If the cavity were /28 |

times its present lengfh9 the tolerances could prdbably be met by attention to

.
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detail, but if the cavity were 10 times as long, the problem of maintaining a
flat mode would probably be tco severe. The last paragraph shows that mode
Jumping difficulties Would come in at about the same length., It might be
thought that these problems could be circumvented by making several independent
cavities, which were tigﬁtly coupleds However, ghe same problems exist in that
case, If accelerators of this type are to be built with large values of N,
they will probably have several independent cavities fed by a master oscillator
and power amplifiers, rather than by the self-excited oscillator used ﬁith

our accelerator. The independent cavities could easiiy be kept tuned to the
master oscillator by a servo system, and then individual short lengths would
make the field flatness problem easy of solution., The Minnesota accelerator

is désigned according-go.thése ideas,

(4) Experimental Field Plots. A three dimensional picture of the complete

field.plot as obtained by the magnetic ioop method is shown in Fig. 9. Note
that the resultant fields are a mixture of fields of the coaxial type (l/f
dependence near the drift tubes) and the TM,, type (:Jl(kri] dependence in the
gaps.

For use in transit 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 a 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 measuring the frequency shift produced by
placing a small metallic object of #olume SV'at various points in the field,

The disturbed frequency is given by°

2 = f2{l+Af(H=E)dv | (18)"

where A is a constant depending on the geometry of the metallic object,

*W. W. Henson end R. F. Post, Journ. App. Phys. 19, 1059 (1948).
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H2 and E2 are normalized to unity over the total volume of the cavity.
If the measurement is made along the axis, H = O and:

[ tu

£ -22 5y E

. (19)
fo f E2dV .
cavity
A—mff = K E° 8V ' (20)

An axisal fiald.plot for a typical drift tube geometry is shown in Fig. 10.
These data were taken on a 1000 mec scale model using a heterodyne freguency

measuring method, The metallic sphere was supported on a stretched thread.

III. BEAM DYNAMICS®

(1) General Equatidns of Motion. A particle of charge e and mass Mg, traveling

in the.linéér accélerator9 is acted on by both ;adial and longitudinal forces.
The longitudinal forces are due to the axial component of the radio frequency
electric fieldg ﬁhe transverse forces are due to a) the transverse radio frequenéy
electric fiéld and b) the effeet of the radio ffequeney magnetic field.

In order t§ know the motion precisely, the electrig field components Ez(rgzgt)g
E.(r,z,t) and the r.f. magnetis field“Bﬁ(?gzgt) have to be.knowno For a sinusoidal

time variation the equations of motion ares

g€,>__§é§_ -%% ='e[3:(rgzgt)cos(c0t+é)
S 1- o dr . (21)
: ' +B¢(rgz)a'-€ sin(a)m@)]
a My d
It T»/—a—;;?— E%' %e[Eg(rgz)OOS(wt*‘@ (22)

-B%(égz)g% sin( ) t4 @)]

The superscript © denotes the amplitude of the respective fields. If exact

results are needed one has to integrate these equations numerically using empirical

*For details of the calculations presented in this section see UCRL-1095.



=2]1= UCRL-238 Revised

&

fields. However, many general facts about the nature of the motion cen be
. learned without exact integration. - o

In general, as Egs. (21) and (22) show, the radial and longitudinal motion
of a particle on the linear accelerator are coupled, This coupling is important

if the energy gain per gap'depends'markedly on the radial position, which would

¢ -
be the case if one has relatively large drift tube apertures; also in the earl

stagés of the accelerator where the phase motiohg( z motion) has not yet damped
out,there is considerable coupling between the radial and axial motions., However,
- if the drift tube apertures are small, which is the case of interest, one can
find some réaéonéble approximations to the phase motion by integrating the
equation at constant r. Since the resulting pﬁase motion damps rapidly with

N it is also possible to arrive at a useful solution for the radial motion.

(2) Synéhronous Conditions. The ,basic geometry of the linear accelerator

is shown in Fig., 11, At a given timé the_électric fields are everywhere in
phase and the magnetic fieid is in quadrature wiéh the electric field., Let L,
be the "repeat 1ength" of the nth gep and g, be the gap length., In crossing
the nth gap the vglocity of the particle_cﬁanges from CPp.1 to CBy (Figo 11).
The coordinate z is measured from the "electrical center™ of each gaps this

center is defined by the condition:

| //sz(z) sin (?‘g'z) dz = 6 | | (23)

L
For a symmetrical gap, this definition corresponds to the geometrical centers

The phase of a particle @h is the number of radians in time by which the particle
crosses the electrical center of the n?h gap relative to the time at which the

electric field is at its maximum values Let

$.>0 (24)

n \

correspond to a particle crossing after the maximum field has been reached and
§n< 0 ’ (25)

to a particle crossing before., These definitions agree with Egs. (21) and (22).
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In order to simplify the discussion we will assume that the machine is
constructed so that'forfoertainrinjecﬁiqn conditions.the phase §n ofvthe particle
at each gap is independent of n. This particie is called a synchronous particle
and all quantities associated with this particle, energy, momentum, etc., will
be denoted by a subscript s. The phase ahgle §s is- called the synchronous
phase. In principle, the mechine cannot be designed to have & synchronous particle
without knowing the motion; the motion cennct be determined without knowing the
fields in the machine, In particulafg_if fractional'velocity change per gap
is large, the design can only be done'by successive approximation. However, if
the fractional velocity change is small then the synchronous condition will Bes

L
-}’\Il -_? (ﬁnmlgsﬁﬁngs)/z ) . v (26)

A= free space, wave length,

The synchronous particle will increase its total relativistic energy by:

. v o Wz '
ans=anlss = fe E, cos Tfsf-” + %; dz _(27)

vV, is the synchronous velocity. In general, using the definition of the

electrical center, we can write Eq. (27) as:

én s * Pn=1,s
Wy s Woy,s = AT Eg ( *————2—| cos bs

e T E, I’n cos ‘§s

where ’ o, ' .
] E, sf E,(z)dz j dz ' (29)
, gap &ap

is the mean effective field, anas

;‘ =fE:(z) .cos<2£:z>dz /fE:(z)dz | (30)

is the ®transit time factor.® For a "square wave® field which is uniform in

b

(28)

]

the gap and zerc in the drif£ tubes: K

- 'Wgn)/’s'fgn
T = sin|~—— R ) 31 .
_ (L_n | Ln ' (513
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If one also considers the radiel variation of T, one finds that for the

square wave field and a drift tube bore of 2A, one hass

I 24qr . Wen
o\ sin L

n

. (zw’ An) Tgn
[e} Ln Ln

The additional factor is due to field penétrétion into the drift tubes,

(32)

T =

and is a factor producing coupling between the radial end axial motions.
A basic design parameter of the machine is the enefgy gain per wave length

in Moc2 unitss
e E5 TH

Moo

In terms of the parameter, Egq. (28).in the.non-re}ativistic renge can be written

W7\ - ¢cOS §>s . : - (33)

ass

‘ ﬁn,s°5n-i,s =W, (34) (N.Ro)

"~ In the relativistic range the fractional changes in velocity will be small and

therefore if we write Wﬁ%l,sawhvs =Z>wﬁ,s it follow§4that the momentum increment .
ZXPh s =V /AW _ and therefore it follows that relativistieallys
2 nas nns . . )
Pn”s."“Pn_l»S = MOG WA . (34)

which includes (34)(N.R.). From Eq. (34) it follows thet the momentum is &

linear function of the nﬁmber of dfifﬁ tubegy Hence, we can write for the

synchronous'bafticles
Pn,s /.Moc = (n#ng )W, (35)
Wa,s /Moc2 1 (n+no)2 Wg\ _ (36)

Here n is taken to make n = 1 the first gap of the machine and n, is the

“effective number of gaps™ corresponding to the injector.

(3) General Stability Considerations for a "Long" Accelerator,

8. Types of Stabilityo
To obtain satisfactory operation'for e "long" linear accelerator

~ it is clearly necessary that the orbits be stable in phase and also stable radially,
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What length of such en accelerator would be considered "long™ in this sense

dependé of course on the tqiefances onvinjection éonditions, voltgge gradient, etc.,
which can be hel&o. We shall show later that the periods of the various oscillations
depend on the number N = n+ng, i.e., thé total effective number of drift tubes
including thé-a'.njectoro A linear acceleratorvof-thié type is thus "long™ in the
sense of requiring stability if it increases the inje;tion momentuﬁ“by aﬁlarge
factor, A large injection voltage thus ten&s to'mgke.an accelerator effectively

" Short.® ‘

| .Phése stability is produced in & linear accelerator if a late particle receives
a large degree of acceleration. This, in the case pf a linear gccelerator, means
that the pdrticle'would traverse the center of eéch gap at a time when the field

‘ié increasingo* Specifically, the condition for phase stability in a field

Ez(Z,, wt) ‘iss

—E;éi{sz(zg%i+{>> dz})O o | . (37)

The con&iﬁioﬁs for radial stability ere more complicated. Focusing is obtained
by the folloﬁing m;chaniémse 1) velocity féguéing, sqmetimeé cailed electrostatic
or secoﬁd order focusing, 2) pﬁase focusing,‘-s) focusing produced by charges
or currents‘conﬁ&ined within the beam. |

b. Incompatibility of simultaneous radiel and phase stability.

If no charge is contained in the beam, a particle crossing a gap will cross
as many liﬁes directed toﬁards the axis as away frém thé axig, A net radial
momentum is”thus'éfdduced ife d)_the particle eﬁanges its velocity when crossing
the gap, gnd:b)uif the field varies in time, The fofmer mechenism is the one
which accounts for the fdcﬁsing in élécfrostaﬁienienses. In the accelerator this
effect is important only in the first few gaps of a machine with low injection

energy. The sedohd effect rapidly becomes dominant in the later gaps. It is

clear thet the condition for phase focusing is that the field be decreasing

* ' ‘ ‘ :
Note that this is the inverse of the .condition pertaining to phase stability
of a circular accelerator.
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during the passage of the particle‘across the gap. This condition appears
incompatible with the phase stability condition expressed by Eq. (37). MeMillan'®
has shown that this disagreement is a fundamental one; and cannot be removed by
artifice in geometry.

Co Redial oscillations.,

Thevincompatiﬁility between radial end phese stability can Ee removed ifs
1) the velocity of the particle changeévappreciably in crossing the gap. 2) the
entrance to the next drift tube is closed by a grid or foils (Figo lZQ*

It can be shown that the change in velocity caﬁ account for a:Small region
of phase stability without grids or foils. However, the analysis shows thet
even_if the particle crosses the center of the gap at the crest of the r.f.
wave, the time of passing the entrence and exit of the gap are not symmetrical
with respect to the time of passing the center; the particle spending more time
approaching the center than leaving tﬁe center. Due to the time variation of
the field the, focusing field at the entrance Will be weaker than the defocusing
field at the exito This.effect increases wiﬁh the gap length and counteracts
the effects of velocity focusing. In fact there is 2 critical gap length
beyond which velocity focusing becomes negative (defocusing)e.

The second method of achieving rédial and phase stability, by use of grids
and foils, is more important in actual accelerators. The field configuration
of Fig. 12 will obviously give a net inward momentum change to a particle
accelerated across the gapo

. It can be shown that this momentum change is given bys

API.,% - %—5 VEp - (1-p%) wé%/Ez(zs %ﬁ 4,@) dZ} (38)

Ep is the electric field at the foil at the time of passage of the particle through
the foil., This term cean only be evaluated for a particular field. Calculations

for the "square wave™ field show that foil or grid focusing give rise to stable

*Po these conditions cen be addeds 1) external focusing devices, such as strong
focusing lensesl? and the use of a periodic modulation of the synchronous phase
anglelsslsa The latter, when analyzed in detaill® requires a very precise control
of radio frequency field amplitude.
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radial oscillation in the phase regiong

28 ¢ 2g
m n n
- Rt < o
\- n
Fig, 13 shows the region of stable focusing and phase stability for gn/j‘[.n = o253
the motion is com‘ple’cely‘ stable fqr = gn < @( 0. If —L§->%- foil or gri@ focusing

is ineffective. An asymptotic solution for the radial oscillation can be obtained

i n . . .
for large n. / K]'/’2 (@) dn-
+

(39)

; 1/2 ‘ 2 2] 1/4
ry §n1/4 e~ * (n+ng)L/; L1+ (men,) WA] .
, ' A,
En 2 . &n .
- cos(jrr = §n) =2fg s:mi;-n s:m-{)n
K = . ‘ (40)
2 si Ten cos én :
sin t-nﬂﬂ . .

Non-relativistically one can obtain exactlys

r, = J¥ {A g (VKN +B Y (2 f@)} (41)
This has been plotted for ng = 24 and various va]lués- of ” és in Fig. 14.; .-

The effects of small angle multiple scattering in the case of foil focusing
have been treated by Serbero8 The 1limit on the transparency of the grids which
can be used is set by the field concentration on the grid wires.

d. Phase oscillations.

The nature of the phase oscillations has been investigated analytically
and the following expressions have been obtained which describe the phase motion

in the non-relativistic and extremely relativistic rangess

ﬁnx m cos (2 /=21T' tan@s’ /Fa»g) (42) (NoRo)

TE e
where G = 1 = —2 got —2 ,
Ly Ly

e —gpoos | 2 ([ 2asan /iy ) v s (42) (BoR+)

where ﬁn = §n - §s o

Thus in the extreme relativistic region the phase motion becomes non=-oscillatory

as demanded by the asymptotic constancy of velocity.



VO 006056 | 2

3 ’ I'
=27= UCRL~236 Revised

Whether or not a particle, injectgd ~into the machine, will be aceeierated
through the machine depends on the phase and velocity which it has at the entrance
to the machine. Calculations of the phase acceptance of a linear accelerator are
summarized in Fig, 150_ This is a”plgt of ﬂh'vso nol/%_ﬁﬁmﬁﬁks the characteristic
parameter for this phenoﬁ;nOns for various @Sov Z%E is the fractional yariation
in injection eﬁergyo Any particle inside one of the closed curves will be phase
stable but not neceséarily radially stabléo It can be seen that for lower inje&tion
ener%ies (smaller no) the tolerances on the injection voltage becomes less critical,

e, Unstable operation.

It is clear that if a linear accelerator is short enough it can be operated
without grids. It will then be either phase unsfable or ;ad;ally unstable. The
original r.f. linear accelerator of Sloan and Lawrence was clearly operated in
such a manner. Experiments with the 40=foot linear accelerator without grids
have shown that one can obtain an "unstable" beam of essentially the same magnitude

as is obtainable with grids. Howe;erp the ériticality of adjustment is greatly

increased.

IV, MECHANICAL DESIGN

(l)_ggggg The resonbﬁy cavity of the accelerator is housed in a vacuum
tank 40 feet 6-1/2 £ 1/4 ir;ches long and 48-=1/2 * 1/4 inches diameter (inside
dimensions), made of welded 1/?>inch boilgr plate, with flat steel ends 1=1/@
inches thick. The tank is divided longitudinally 4 inches above center, and
the top lid is hinged at four points along the north side to permit the 1lid
to be opened for access, ‘Provisions for véeuum seal of the 1id are described
in Section IV(3) of this report. Opéning of the 1id is accomplished by a pair
of hydraulic cylinders mounted near the middle of the 1lid, and anchored to the
pump manifold, which is a protuberance from the bottom half of the tank, on
the north side. The entire tank is supported on two pads, each'l/k‘of the way

from an end of the tank. The east end pad rests on a 2=foot long 2-inch diameter
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steel bar which can roll east-west on a steel plate that in turn is fastened
to 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 falling over, but addiﬁional sﬁabilityragainst rotation is
provided by resting the pump manifold on the floor. The tank is thus mounted
50 that it can expand'freely with temperature changes,

The resonant cavity is also mounted so that it is free to expand and
contract with températurgvqhanges“independgntly of ‘the steel tank. In the
southeast and southwest 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 & similar pad with its groove oriented north=-south.
The liner is not sufficiently rigid to be supportéd'at just these three points,
so 15 spring loaded pads with hardened flat ground surfaces are equally spaced
around the sides of the tank to distribute the support points. On the liner,
there are 3/% inch bolts with hardened Stéel balls soldered to the ends so that
the resonant cavity is supported at 18 points, of which three constrain its
position and motion. This elaborate mounting was installed aftér it was noticed
that the steel vacuum tgnk warped in plages as much as l/é»ineh when the 1id
was reised and lowered., Methods of accommodating for this warp in the attachments
between liner and tan_kp iseoc, rof. transmission lines, water cooling lines, and
end tuning motors; are—indicated elséwhere‘in this report,.

The tank, opened by the hydraulic lifts, is shown in Fig. 1"é.

(2) Liner Design. With the decision to separate the mechanical and

electrical functions of the linear accelerator resonant cavityycame* the need

for the design of an accurate, rigid, and light weight tubular lining for the
vacuum tenk. This "liner™ became a structure besically similar to a monocoque
fgirplane fuselage of freme, stringer, and{sheet construction save that the sheset
surfaces were on the inside. Since it was desired to avoid circumferential

joints in the sheet surfaces, and since the cross section was constant, it
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becaﬁe practicable to roll cqppé; strip Qﬁock into pannels of the length of

the liner, with flanges end cbrrugations %oiserve as longifudinal stringers.

By using die-formed circuquféptiél frames with & polygonal inside cross éection,
the longitudinal panels could be flat and the hégéésary dimensional tolerances
could be more éasily maintained. rhe drbss section of the liner as sitﬁated

in #hé tank is diegremmed in Fig. 17. ;The liner is of dsdecagon cross section
of 3§-1/@ inch dimension acroés flats, 480winéhulength-and split longitudinelly
into two unequal parﬁg, §f_1$0° and 210°, to permit support of the lower part-
along the-horizontalnoeh%eflines.

(3) Liner Construction. The longitudinal copper panels were rolled from

an ,032 inch thiok by 13 inch wide by 60 foot long oopper strip to have a flange
turned up at eaoh{edge'and to have a semiciroular chénnéi in the center to
receive a 5/8 inch doipér cooling-water tube. A total of 40 "pump out" slots
one-half inch;wide'ﬁy 12 inches long wére’used, ﬁith the slots strapped every
four inéhes. Thi¥%§-three cifcumfereﬁtial frames weré ﬁade in two pﬁ:ts from
+072 inch 24 ST'aiﬁﬁin&ﬁ alloy. The internal flange, to which the copper
attached, waé.made of short lengths of‘extruded angle riveted to the frame.
Clearance outouts&fofvthé cooling tﬁbes and drift tube supports were pr0vided
and reinforced where hecessary by‘attaohed éngles; The frames were finished
with an ﬁircraft zinc end dhfbﬁaﬁe.priméf.

Support rails for the drift tubeé were run fromlend to end of the liner
- through cutouts in the frames. These rails were gnférrﬁpted‘every 30 inches

Ito allow for differenﬁial thefmal expansion. Oée;iﬁgsvf;r the drift tube stems

could thén be ocut throuéﬁ the copper panel at any poihﬁiwithout interference
with freme position. Support of the drift tube wﬁs ﬁdo&mplished by two clemp
plates thet were'piacéd‘on~éach:side'of thewsaliehtﬂflange of the angles that
formeé the reil. (Fig. 18.) Three—incE diaméter holes were punched in ﬁhe end .

end the side of ‘the liner, opposite glase viewing ports in the vacuum tank.

This allows one to observe sparking and other related phenomena in the liner.
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Vertical alﬁminum braces are attached between the end of the liner and the
"end tuner"™ structure, to provide rigidity to the tuner. An end tuner consists
of a drift tube extending into the resonant cavity from_the end of the liner,
with length controllable by a worm gear which is driven by a flexible shaft
leading to a mobtor outside the vacuum ﬁankoz Electrical contact is made between
this drift tube and the end of the liner by means of a tight fitting slotted
collar of silver-plated steel, fitting around the drift.fubeg and‘bolted to
the liner., The west end (entrance) tuner drift tﬁbe is 4,750 inches dismeter,
and adjustable in length from 2 inches to 4 inches. The east end tuner drift

tube is 2,750 inches diameter and 4 inches to 7 inches long.

(4) Drift Tube Construction and Support. The drift tubes are basically a

cylinder of variant length and diameter, supported by a single stem perpendicular
to the liner axis at the center line of each drift tubeov The drift tube diameter
varied from 4-3/4 inches to 2=3/4 inches, thg first eleven drift tubes being
constant at 4»3/42 and the remaining 35 drift tubes diminishing to 2-3/4’,‘,' in
steps of approximately sixty?thousands of an inch, The drift tube lengths vary
from about 4=3/ﬁ“fof ﬁhe first drift tube to 11 iﬁches for the last drift tube.
‘The drift tube body is made of a copper tube, with the end at the beam exit

made from a coppef platé hard soldered into the tube, and with a threaded ring
in the oppoéite end, Into this threaded ring is screwed a cap, which in turn
receives a grid holder. The exit end of the drift tube has a re~entrant opening,
formed by & brass tail tube about 3 inches in length, and varying from 1 inch
inside diameter to lml/@ inches inside diameter, for the range of drift tube
sizes. All external edges are uniformly rounded with a radius of 3/% inch, The
threaded cap was originally designed to be screwea into the drift tube body
after the grid holder had been inserted from the inside. On the initial rums,
serious sparking was found to have occurred across the contact surface between

the drift tube cap and body, even though special effort had been taken to
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insure high contact pressurés at this pqinf0 Thus it bécame necessary to solder
the drift tube cap to the body with gv}qw temperature eutectic alloy, and to
redesign the grid holder so that it could be inserted.from'the front of the drift
tubes The threaded construétion, thever, did pgrmit the drift tube lengths

to be changed by shimS‘after'the voltage distribution measurements were completed,

The drift tube stems are made ofﬁgne inch dismeter brass tubing, séft soldered
into & reamed boss on the transverse center line of the drift tube. Through this
stem is passed a gquarter inch diameter copper tuﬁeg that mekes a loop around the
inside of the drift tube body to which it is soft soldered, and then returns
through the stem for circulation of cooling water, The use of brass stems was
found to be a mistake, and it was subséquently found necessary to silver plate
the drift tube body and stem, to reduce r.f. losses in the brass stem end tail tube.
The drift tube stem is closed by a p%ug which-garries a threaded extension. The
drift tube components: are diagrammed in Fig. 19,

The drift tubes are supported (see Fiéo 18) by a pair of plates which clamp
on the salient flanges of the drift tube support rails suéported by the liner
frames. One of these clamp plates has a large clearance hole, while the other
is provided with a éeat for a spherical washer, and with four tapped holes umiformly
spaced about the seat. The threaded extension of the drift tube stem passes
through a cross of steei, heat treated to a sprihg_temper5 and tﬁen through a
hemispherical washér, where it is terminated with a nut. With the hemispherical
washer resting in the Seat provided in the cleamp plate, and with four cap screws
through the threaded holés bearing . against the afms of the cross, the drift tube
is held firmly in‘pOsition, and can be adjusted aiong the three coordinate axes
by means of the two pairs of screws on bpposite sides of the stem, and by means
of the two pairs of screws on opposite sides of the stem, and by means of the

nut on the threaded extension.
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(5) Liner and Drift Tube Cooling, A semi-circular distribution manifold
is soldered to the end plates of the liner on{both‘top and bottom parts. From |
this manifold radial tubes lead to fittings on the gnds of the 40 foot tubés
Soldered to each liner panel; thus, the panels are cooled by water flowing through
these long tubes in‘parallel, in circuits that cpme‘thgqggh1th§ tenk at one end,
through the distribution manifold, along the panqls into the collection manifold,
and out through a discharge lead at the opposite end of the tank. Separate
circuits are maintained for the upper and lower parts of the liner.

The drift tubes are also ccoléd inrparallel by a third water cooling circuit.
Two tubes are supported in openings in the liner frames, with one tube serving.
‘as supply header,iéﬁd thé other as collection headera These tubes have nipples
hard soldered to them adjacent to each drift tube, into which the 1/4 inch
copper tube passing through the drift tube stems are soldered. By introducing
the water at one end of the tank and rémoving it”frommthe other, the cooling
water pressure drop through each parallel flow path is maintained the same. Checks
upon the operation of thé parallel flow system are made by putting hot water
» through the lines, and feeling all the tubes to see that they are receiving their
quota of water, and t?at no obstruc@ions exist_in ﬁbe individual circuits.

(6) Grids, As was shown in Section IIIX of thisipaper, radial focusing and
phase stability cén onlyrbe achieved in the machine by introducing charge within
the beam; i.e., by .arranging the entrance end of Qrifﬁ tubes so that electric
field lines terminate within the beam. This was first done by putting 3 x lO"’5
inch thick beryllium foils across the entranc9 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 than on flat foils. To a first
approximation, if one considers a grid to be merely a foil with many holes
punched out, the field is increased by a factor equal %o the ratio of the total
area to the area oocupied.by gonductorss since the same number of lines of force

end on the conductor, but on a smaller area,
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The ratio of aperture tq field strength can be improved by using a slat
grid of structure similar to a klystron grid, insteéd of a perforated plate, since
some of the field line will terminate on the flat sides of the slats. Fig. 20
shows 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 section§ of this strip by means of modified vise-grip pliers. Copper
rings mounted on a carbon mandrel were slit by a ﬁultiband saw to a depth of 72
mils. The bent strips were put into these slots and hafd soldered around the
rim, which was then given a finishing lathe cut. .The grids were polished to
approximate.the optimum "rounded" shape, by immersing in 2 molar NaOH and
passing 5 amps. @.c. for 5'seconés between the_finished grid end a tungsten rod.
They were next soldered with pure tin copper holders which hid the brass ring,
and could be screwed into the entrance end’of the drift.ﬁubeso Grids were given
a thorough visual inépecfion'through a 30x stereoscopic microscope, and sharp
points were removed, Then they wefe testea by photometering the transmission of
a2 beam of parallel light from a tungsten strip filament lamp. The optical path
wass pin hole over strip filament lmap, collimating lens, grid, focusing lens,
0010 inch dismeter pinhole, photronic cell. It is interesting to note that this
was a "good geome%ry" experiment, so that an aperture of, say, 90 percent of
" the tofal opening gave a photocell reading of 80 percento*

The final test of the grids was made by inveétigating their behavior in
vacuun under d.c. field equal to the r.f,. field of the iinear accelerator, If
the cold emission was less than 50 pa after the gfias had beén given up to.

5 minutes run-in time, they were accepted, A grid in its mounting is shown in
Fig. Zlaz‘At the preéeht‘time, the grid aperture has been considerably increased
by removing all but the four central L shaped slats., No significant increase

in the x-ray backgfound from the tenk accompanied this change, which shows that
field emission from-other parts of the drift tube is still responsible for most

of the electron drain in the machine.
*

i.e., the diffracted component of the beam is not recorded by the photocell,
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In practice, we do not believe that the etching procedure was necessary.
We tested several grids electrically, which had nof been etched, and could not
find any significant difference from the normal ones.

The 15 cycle r.f. pulses produce fields of 107 volts/meter between the
drift tqhgg, or 4 gm/om2 on the drift tube endéo This pulséd force is sufficient
to loosen the grid holders, so set screws are used to lock th?m into the drift
tubes,

(7) Radiation Shielding. The stray radiation around the linear accelerator

has been investigated to determihe its sources and energies. The radiation comes
almost entirely from x-rays produced by electron bombardment of the drift tube
ends, Thesem;ourdes were determined by exposing x~ray plates through an iron
slat collimator "telescope™ laid on top of the accelerator. The energies of

the xeréyS'near‘fhe exit eﬁd of the accelerator were found by sbsorption
measurements to be up to 2 Mev, corresponding‘to electrons passing through one
or two gaéé Bégweén 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 linegr‘gccelerator has_reduced the x-ray level, measured two feet from
the machine, to “~10 MR/hr. The shielding has many openings, such as holes
for the tygnémiééion lines, and a four=-foot wide space below the Pb, so that
there isiécattered radiation throughout the room. The level 30 feet from the
machine is \“~5 MR/hr.

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 radiatioﬁ
level is higher by a facfor of 2 to 5, but improves quickly with runﬁing of
the r.f. whiéh serves to outgas the system. Outgsassing can also be speeded
by running hot water through the liner cooling lines, though that has very

seldom been done, After the accelerator has been run for several months,
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the x=-ray level has slowly risen by a factor of five, due to oil deposits on the

drift tube surfaces. (Fig. 22.) ~The tank is usually opened about twice a year

to clean off the oil deposits.

(8) Vecuum System. The basic requirements of the linear accelerator vacuum
system are, first, a base pressure 10;5nm10r'1es;,and second, & pump-down and
beke-in time of reasonable length;-say; 8 hours. . To fulfill these conditions
in a steel tank 40 feet long, of 15,000 liters capacity, containing about 500
vacuun seals and Joints,end sevefal\hundred feet of polysthylene cable, it was
obviously necessary to provide a fast pump, and keep leaks and outgassing to a
minimum, That this has been done successfully can be seen from the fact that
at preséﬁﬁ, the base-pressﬁre is-about 2 x lO“s'Emg thé rate 6f pressure rise
with the pumps closed off is as low as lOm7 mm/éecop and bake-in times as short
as 4 hours have been re;§rdedo

Pumps. The pumps used aresa 30 ;nch three-stage diffusion pump with a
pumping speed of 7000'liters/%ec and an 8 inch two-stage diffusion pump in
series, backed by two 43 c.f.m. Kinney rotary mechanical pumps in parallel. The
diffusion pumps use Liéton 0il, which is effectively kept out of the t;nk by a
thorough-refrigérated baffling system. The pumping speed measured inside the
liner is 2,560’liters/éecs,which.is considered a reasonable fraction of the
speed of the pump alone.

Seals and Joints. A very wide variety of seals is used on the linear accelera-

tor, Be;ides the usual types, such as soft and hard solder joints, g;skefs, and

arc-welded seams, there aré Wilson Seals, sylphon seals; aireraftmtype sparﬁ plugs,

and even certain standard r.f, cdnneétors which have been found to b; vacuﬁmytighto ’
Perhaps-tﬁe 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 flange with special screws and retained by a 1/4 inch

®
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square strip of steel tack-welded to the flangé along the vacuum side (Fig. 23).
Despite the un-machined flange, the performance of this gasket has exceeded

our expectation. Three bolts on each side §uffice to hold the flanges together
and when the pumps are started, the external air pressure exerts ample force

to complete the seal. The heads of the screws act .to separate the flanges and
prevent them from damaging the gasket.

Vacuum Seals and Joints. The vacuum seal to the outside of the radio

frequency transmission line is made with a standard_4“ diameter rubber "O-
ring," (see Fig. 25). This seal and the transmission line are installed and
removed totally from the outside of the vacuum tank. This seal seldom leaks,
although there is some motion of fhe transmission line in it due to the
differential thermal expansion between the liner and the vacuum tank and the
warping of the tank due t§>the change in pressure during pump down.

The vacuum seal to the inner conductor of the transmission line is made
with flét teflon gaskets in coméression between the insulator and the copper

conductors that make up the transmission line.

Vo OSCILLATORS

The present machine Was.degigned Fo Qpe:ate with an average voltage
gradient of .90 megavolts per footyor aktotal end to end voltage of 36 mega-
volts (peak vélue). This differs from the energy gain (28 Mev) of the particles
due to the operating phase angle and transit time loss. Since the shunt
impedance of the liner on the fundamental mode is 316 megohms, the fadio
frequency power required by the accelerator is approximately 2.1 megawatts.
Since the machine is pulsed “on" for 600 microseconds, fifteen fimes per
second, i.8., a duty cycle of 111, the average power is approkimately 20

kilowatts, -
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The accelerator.was first put_intq qperaﬁion in October, 1948, using
eighteen and later twenty-six power oscillators,_each'of'which developed
approximately 85 kw from four GL-434 triode tubes in parallel connection.

The GL=-434 tubes, whichrwere obtained on Warvsurplus, had such a high
casualty rate while in operation, with‘many actué&ly becoming gassy on the
shelf, that it was deciaed to build anoscillator systemvusing'a’mdre rugged
tube,

The oscillator systemjnow in use was installed in February, 1950, and
consists of three pre-exciter oscillators and nine éingle’tube power oscillators
each connected to the liner through a sepsrate transmission line and coupling
loop. ’

The present pre-exciters consist -of some slightly modified radar typé
"BC-677% oscillators which are loosely coupled to‘the'linero These exciters
perfofm‘three important functions forgthe machines = They excite the liner
through the mﬁltipactor region, they select the correct mode of oscillation
and they supply the low'levei of radio frequency energy to the liner necessary
to star£ the power oscillétofs.,'

The multipactor action is almost univeréally found in devices using high
radio frequency voltages in a vacuum. This is a secondary electron multiplication

E #process which can produce severe loading at low power levels, but once the
system is above that level it disappears., To illustrate this process, consider
two parallel metal plates spaced some smal;hdi§tahqe apart in a vacuum. In
general the secondary electron emission ratic for metals (with the usual
surface contaminafion) will be greater than unity. If an increasing radio
frequency voltage is applied between the plates, there will be found one value
of voltage such that an electron can just Grosg the gap in exactly one-half

cycle, If the energy of the electron is of the correct magnitude more than onse

secondéry electron will be released and these electrons will see a voltage’
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such as to accelerate 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. With the geometry found in the accelerator the multipactoring
limits the voltage to very low amplitudes.

The straightforward cures are to make the electron transit time different
in the two directions by a d.c. bias, or to raise the radio frequency voltagev
s0 rgpidly that there are not enough rff, cycles in the critical region for
the discharge to become large. The low energy end of the machine provides
extremely favorable'geometry for such a discharge between drift tubes, The
spacings between the drift tubeé in this region are of the order of an inch and
it can be shown that_this gap will be resonant for mﬁltipactor action at
around 2000 volts. In addition-there are meny such gaps, any one of which can
be respgnsible.for the discharge.

The first cure #ttemptéd was to isolate every other drift tube from ground
for d.c., and to apply a bias such as to meke the transit time different in'one
direction from that in the othe_ro .This method worked, but brought with it meny
difficulties in providing a suitable radio frequency by-pass condenser from the
drift tube stems.to the liner.

About this time the problem was solved by the experimental discovery that
three pre-exciters coupled in at the high energy end of the liner (where the drift
tube spacings are the longest and the most unsuitable for multipactoring) could
deliver sufficient energy (taking adventage of the very low group velocity of
propagation in the liner as a waveguide at cutoff) to drive the rest of the liner
up through the multipactor voltage region so rapidly that the multipactoring
did not have time to build ﬁp.' |
| The correct mode is selected by careful manual tuning of the three loosely-

coupled pre-exciter oscillators.
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The main ésciliators will not start without the low level pre-excitation
because the energy storage or "fly-wheel effect" of the liner is large and
their power gain for small sigﬁala is lowo |

The pre-exciters establish the correct mode at low level (approximately 1%
of‘final power) by béing pulsed on SO_to 100 micioseconds before the main |
oscillators are turned on. This operation cycle is indicated in Fig. 24,

Each of the nine power oscillators uses an Eimac tube type 3W1O000A3 in
a modified "Colpitts"™ circuit. The osgillatof is made of coaxial tfansmission
lines. The inner (dfive circuit) and the outer (pléte circuit) coaxial lines
connect the tube to the load (coupling loop in the liner) through the outpﬁt
transmission Iine. The reiative characteristicfgmpedancasand the leﬁgths of
these lines control:the amplitudes and phases of the radio frequency voltages
appearing on the tube and load circuits. The physical layout is shown in Fig. 25,
and Fig. 26 is the schematic equivaleﬁt'oscillator circuit diagram.

The maggitude of the load impedance is adjusted 5y vérying the size of
the coupling loop in the liner. The self-inductance of this ooupliﬁg loop is
purposely designed to be so small that the coﬁpled impedance of the liner at
resonance dominates. These loops are copper plates 6" long, 6" ﬁide and spaced
approximately S/B“ from the wall of the liner. The impedance of the self
inductance of theée loops at 200 mes is approximately 156 ohﬁs and the coupled
impedance from the liner is approximately ‘150 ohms. The importancevof this
impedance ratio is qualitatively illustrated in Fig, 27. The coupling loop
presents only the impedance of its low self inductance to the oscillator for
frequencies which are near but not on the 1iner frequency. This low impedance,
upsets the magnitudes and phases 6f the voltages within the oscillator and
discourages it from oscillating. In addition, the magnitudes and phases of
thebvoltages appearing at the tube vary so rapidly with frequency that oscillation

is discouraged for frequencies somewhat removed from the liner frequency.
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Each oscillator unit‘rests on, and ‘is partially enclo;ediby, a metal cabinet
with interlocked doors for personnel prptectionQ (SeerFigures 28 a, b.) All
high voltage, air cooling and water cooling connections are made inside this cabinet
and are designed to be quickly disconnected. The "quick disconnect" idea was h
also applied in designing the "plug in" connection~between the osciilator and the
coaxial traﬁsmission that feedé the raéio frequency_power from the oscillator to
the liner,

This "quick disconnect" feature allows a faulty oscillator to be replaced in
approximately five minuteso

Bach oscillator is pre-test?d at a peak power output of more than 350 kw
(duty cycle of 111, plate voltage 18.5 kv, overall efficiency of 50%) although
in actual operation 'it delivers 250 kw (plate voltage 15 kv).
| The present oscillator system had}4400uhouré of "beam on" time in the 22 months
to November, 1952, compared %o 2106 hours in the 30 ménths thét the original system

2

was in useo

VI. THE POWER SYSTEM -

(1) General Description. Available electrical components, cooling require-

ments and general @Qwer requirements_dictate that the accelerator be operated
as a pulsed machine. The pulse length'<ébo p sec maximum) is a
compromise between cavity build-up_time and available energy storage capacity.
As high a duty as is pérmissiblerby_power considerations is desirable from the
point of view of minimizing accidental éoincidences in coincidence counting
experiments.

For the parameters involved here,energy storage in rotating machinery is
not practical, Accordingly, the system adopted is a pulse forming synthetic
- transmission line continuously charged through a reactor.
The approxima%e design specificati%ns‘of the power supply are given in

Table I.
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_ MAIN SUPPLY-
per oscillator ~total
peak average peak ' average
D.C. input power 450 kw 3.9 kw ] 4000 kw | 3.5 kw
voltage| 14,0 kv |14.0 v (peak) | 14.0 kv [14.0 kv (peak)
current] 32 a .28 a 290 a 2.5 a .
R.Fs output power | 250 kw 2.2 kw 2200 kw 20 kw
» ’ Vp . Vp
Impedance Rge = = = 440 (L Rge =5 = 49 £
I e I
p p
Cathode Power 3.4 kw 30.6 kw
Repetition Rate 15 cps
Pulse length 600 (. secs
! ]
PRE-EXCITER SUPPLY
per oscillator total
T peak Taverage peak BVErage
D.C, -input power 180 kw |1.1 kw 530 kw 3.5 kw
voltage] 10 kv 10 kv (peak) 10 kv |10 kv (peak)
. current] 18 a o1l a 53 a .35 a
R.F. output power | 7 kw .05 kw 21l kw. 15 kw
v ' .
Impedance R4e = =& = 56001 R4 = == = 190 L1
I ~ac I
p P
Cathode Power 1.2 kw 3.6 kw
Repetition Rate 15 cps
Pulse length 440 p secs

TABLE I
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To fulfill these specifications it waé decided to use combinations of a
standard three-phase mercury vapor rectifier circuit chgrging a pulse forming network
through a reactor. The network is discharged into the load by a triggered spark
gap through a pulse transformer.

The power.oscillators used in the present design require that the cavity be
pre-excited beforebthey can;géheraté.rofe power. This requires a separéte power
system to feed the pre-exciter oscillators; this system is identical in design
to the "main® supply outlined above with the exception that the pulsé forming
network-is cﬁarged through an emission limited diode in place of the réactor,
and that no pulse transformer is usedo. The block diagram of the equipment is shown
in Fig. 29,

(2) Pulse Forming Networks. The use of pulse forming networks beceme common

usage in the later phases-of radar practice and their design principles are well
understood? As usedvhere it is simply a synthetic open circuited transmission

line composed of a finite number of sections., Fig. 30 shows the numerical constants
employed here, _

If such & line is charged to a VOltageNZVo it will store an energy of 2NVOZC
where N is the number of sections of capacity C and inductance L. If the line is
discharged into a load of its charactefistic_impedance 2o = /f£76? the load voltage
will be Vo and will last for a time T = 2N/ LC . The total energy dissipated is
thus equal to TVOZ/ZO = ZNVOZCvin agreement with the above. The output voltages,
:'refléctionsrunder mismatch conditions can be studied by conventional transmission
line theoryo R

The line shcwﬁ in Fig. 30 differs from & simple line of identical sections
by the design of its leading section. If the line were.condenser terminated

(Tr-section) the voltage on discharge would rise to 2V, resulting in a bad voltage
g g o g g

overshoot. If the line were inductance terminated (T-section) the voltage would
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rise from zero and then overshoot. This difficulty is amalogous to the overshoo%
phenomenon (Gibbs phenbmenon) encountered'in_Fougier synthesizing discontinuous
waveforms by a finite number of terms. The first section design, as suggested'
by William W, Hansen, is shown in Figs 30. It assures that the impédance, as

seen by the load on switching, shall be Z ; overshoot is thus avoided.

(3) Line-charging. The eleqtrical length of the pulse forming line is
shoft with respect to the repetition i;terval; for parposes of chargingpbthe line
cen thus be treated as a lumped capacitor,

If a capacitor is charged from a fixed voltage source through any non-
reactive network, an energy equal to the stored energy is dissipated in the
charging network. Hence if, in order to produce a constant rectifier current,
the condenser bank is charged thréugh an emission limi?ed diode, half the supply-
power will be dissipated on the diode anode. This is the system used in the
pre-exciter supply where power economy is not essential. )

'if a capacitor of capacity C is charged through a rectifier of voltage E
in series with an eésentially loss-less reactor, the capacitor will always be
charged to a voltage V = 2E. This is required by energy conservation since the
work done by the rectifier is C E V while the energy stored in the condenser

is CV2/2° If the reactor is loss~less this requires V = 2E. The mechanism of

the doubling action will differ depending whether the half period

T =M/1c =T/,
of the charging system is greater or less than the intérval &~ between pulses.
The waveform occur;ing in the three cases J'é-c‘are shown in Fig. 3l., If J<eoc—
(Case I) the charging cycle is a half period of the L-C circuit; the voltage is
then clamped at a value 2E. If T=0 (Case II) the.half cycles are just joined.
If oo (Case I1I11) which is the case used in the linear accelerator, less than
a half cycle elapses betweenApulsesn Since the charging current is essentially

unchanged during the discharge period, the charging voltage and current waveforms
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will be the portion of the appropriate sipuﬁqiq,symmetrical about the midpoint
of the charging interval. As frféoc the chafging cycle approaches a saw=tooth
wave. The principal ad#aﬁtage of a large value ;f T is the smeller current
fluctuation reflected in the power line. The principal hazard of a large T is
the large magnetic energy stérgge in the reacto:a‘"ThiS'resﬁlts in a voltage
overshoot on the line in case the spark -gap éccidentally does not fire. 'Voitage
overload protection is thus neededg |

Table II presents‘the relevant design information of interest in charging

system design.,

Case Peak current1.' Reactor power loss Voltage
Average current (Avo current )¢ x Reactor resistence| overshoot
' ratio
v - - .
J¢o T/ T ' /8 1

T =0 2 /8 ' 1

P | i | 2 ) o ] |22

] TABLE II

(4) Spark Gaps and Pulse Transformer. The current switching is done by a

set of spark gapso These gaps operate in air and are made of simple spherical
copper electrodes. An air jet de-ionizes the aré meéhénically° The gaps are
mounted in a sound=-proof box,

The main oscillators are matched to the pulse forming-lines by a fast pulse
transformer. The transformer operateé at a turn ratio of 2:1. It weighs approxi- N
mately 2000 pounds.

The spark gaps are triggered by a 100 gv pulse of approximately .1 [ sec
duration. This pulse is provided by discharging a condenser through the primary

of a pulse transformer of the design of Kerns and Bakerl7 by means of a hydrdgen

thyratron. The grids of the thyratrons are driven by a central pulse generator.
L] . .
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This circuit delivers pulses tc the pre-exciter and main oscillator thyratrons
with the proper timing. The repetition rate cen be set to ény desired frequency,
up to the limit imposed by the allowable duty cycle. The pulse generator supplies
a trigger pulSe to the Van de Graaff which keys the ion source on after the |
cavity is built up, and‘éléo supplies miscellané%us trigger pulses to actuate

scope sweeps, counter gates, etc. ‘

VII. ACCESSORY EQUIPMENT.

(1) Electron Catcher Magnet and Monochromatizing Magnet., The high axial
rofo.. electric fields existing in the resonént cavity can accelerafe any free
electrons, formed between drift tubes, to considerable energies, corresponding
to approximately 60 percent of the voltage across .the gap. Electrons formed
near the exit end of the No. 46‘drift tube by secondary electron multiplication
or gas ionization can be accelerated to an energy of l.1 Mev, ‘These electrons
constitute an gppreciable peréonnel hazerd and also interfere with cértain
experimental 'equipment.,

A small electromagnet, producing approximately 3,000 gauss betw;én pole
pieces é=l/2ﬁ in diemeter and 2% apgrtg is provided to deflect these electrons
vertically, éo that they strike"a carbon cylinderg tﬁus producing only soft

x=rays which are absorbed in a three-inch lead shield around the cyiindero

This magnet can also be used for small-angle vertical steering of the proton beam.

(2) Deflecting magnet. An 8,000 gauss magnet is used to deflect the 32 Mev
proton beam horizontally, and thus separate it from the lower components of
4 and 8 Mev. The latter are produced by protgns spending 2 r.f. cycles in each

drift tube space, The magnet also removes the 16 Mev Hg component if a l/@ mil
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aluminum stripping foil is inserted ahead of the field. Output ports are

0, 1009 20° and 30°, The magnet is used primarily as a

- _ o
provided at =15 , O
switch, to move the beam from one experimentalAsetmup to another.

(3) Bombardment facilities. After the beam has passed through the deflecting

magnet, it is available for the bombardment gf_targetso Apparatus at this end

of the machine is so similar to that found in cyclotron installations, that a
description of it.séems out of place in an article on a linear accelerator.

Two useful items are a Faraday cup in vacuum, for beam inbtegration, and a rotating
foil chenger, which is employed for varying the energy of the beam. Space is
available for the installation of B=ray spectrographs, cloud chambérsg scattering

chambers, and other similar pieces of research equipment,

VIII, PER?ORMANCE

(1) Energy. The output energy of the linear accelerator has been detefmined
by renge méasurements in aluminum, using the range energy relation as computed by
Aron, et all% the energy can be varied over a range of % 150 Kev, by moving the
"end tuners," or half drift tubes at the ends of the machine, The measured energy
on a particuiar day will be close to 31.7 Mev. |

The energy spread of the beam can only be inferred at present from the

sharpness of the threshold of the reacti6n19

02 (p,n)N2, When the resulting
excitation curve is corrected for absorber straggling, the r.m.s. eﬁergy width
of the beem cen be shown to be A E < 100 Kev on the high energy side. The
shape of the energy spegtrum on the low energy side is not»susceptible to
measurement by this technique. If one were to define the beam by slits, and
subject it t; a magnetic deflection, the inhomogeniety introduced by the passage
of protons through the slit 'pairs would certainly be greater than that already

present.

In addition to the principal 32 Mev beam, there are two other beam components
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(usually removed by a magnet), These are 16 Mev H2+ and 8 Mev HY, particles
which spend two r.f. cycles in each drift tube space and therefore emerge with
half the expected final wvelocity. |

(2) current. For most purposes, the time average current is of most
importance, During the past six months, an exper%menter could be’sﬁre of having
l/@ microampere of average current, if he could u;e it, In many experiments,
the beam is purposely cut down by a lafée factor, Occasionally, the beam is
somewhat higher, and 0.37 . amps is the present record value of I, These values
are for operation at 15 cycles per second recurrence rate, Thirty cycle operation
of course doubles the current, but at the moment, the reliability of the
pre~exciter is poor at this recurrence. There is no doubt that when the newly
developed pre-exciter‘system is installed, the aésumed beam will be doubled to
1/2 {L amp.

At 15 cycles pervsecond9 the pulse length is 600.p sec, so the duty cycls
is 1 in 111. The peak current at 1 = ,375 p.amp is therefore 50 y amp. If the
grid loss is assumed to be a factor of 3 and the phase angle is assumed to. be
3609 the calculated injection current agrees well with the measured injection
current of 1.5 milliamps. Neither grid loss noé phase angle are well known,
but these are reasonable estimates. The agreement indicates that no largé
gains in outpuﬁ current are to be had, unless major changes are mads.

Several changes have been investigated, and two of them are well under
way. A radio frequency "buncher" has been built and tested. Protons from the
Van de Graaff are velociéy moduléted by the buncher, and after a drift space
of 15 feet, are formed into small groups whichjoccupy a small phase angle as
they enter the saccelerator. The pesk output current from the scceleratcr has
been tripled by the bunchar., The energy tolerance on the injected beam must
be decreased several fold to make the bunching of practical importance. (A

smell change in average velocity of the injected beam makes the bunch arrive

/
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at an improper phase, so thé output current is thereby decreased.) A program
to develop an energy stabilizing circuit has therefore been undertaken. The
"error signal®™ is generated by the proton bunches, when they pass through a
"catcher cavity"™ near the input end of the accelerator. One merely measures
thé phase of the r.f. in the catcher ca#ity relative to that invthe accelerator,
The energy stabilizer returns the phase difference to zero.

The second impyovement is the use of electrostatic stroqg focﬁsing lenses
cef the Christofilos%Brookhaven(14) type. A quadrupole electrode system has been
installed in each drift tube and when it is usedg‘the grids are removed, Under |
these conditions, ﬁhe external average beam has been increased to 1/2 b ampe
If the focusing‘voltage could be raised to its designed value, the current would
have been about 1 p amp. The increase in current with foéusing voltage comes |
from the larger phase angle at which the defocusing forces are counter balanced
by the electrostétic focusing forces., Unfortunately, sparking in the lenses
limited the voltage fo the lower value. Detericration of the cables has forced
us to abandon the strong focusing feature, and return to grids, 5ut it is clear
that the difficulties would not have occurred if the machine had been designed
for strong focusing at the start, It is surprising that enough space was

available inside the drift tubes to make the test as successful as it was,
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Fig. 1 Long Cylindrical Cavity Excited in Axial Electric 010 (TMOlO) Mode.,
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Fig. 2 Linear Accelerator Produced by Introducing Drift Tubes into
Cavity Excited as in Fig. 1. Division into Unit Cells.
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| Fig. 3 Sloan-Lawrence Linear Accelerator Geometry.
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1 Fig. L, Fields in "Unit Cell" of Accelerator. Note that a Conductor
Aeross DC Would Not Change Distribution.
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Fig. 6 OSchematic Diagram Showing Magnetic Field Mapping of the Unit Cell,
The Field Maps Permit Evaluation of the Integrals in Eq. (5) and (6).
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SIMPLE THEORY - EXPERIMENT

. n-4 '208.00me.
n
T . o
n 20561 me.
n-2 203.91 me.
n=l __ 202.89 mc.
n=0 202.55 mc.

n= NUMBER OF LONGITUDINAL NODES' IN THE
FIELD PATTERN.

207.16

205.06

203.64

202.81
202.55

'Fig. 7 Mode Spectrum of Linear Accelerator Cavity.
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Fig. 8a Effect of Fourier Analysis in Correcting Cavity

{Original HE (2)].
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Fig. 9 Contour Plot of Magnetic Field in Typical Cavity Section.
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Fig, 10 Typical Axial Electric Field Plot along Drift Tube Axis.
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Fig. 11 Basic Geometry of the Linear Accelerator.
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Fig. 12 Grid or Foil Geometry.
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Fig. 13 Phase Diagram Iﬁdicating Definition of @ and Regions of
Stability in Grid Focused Operation.
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Fig. 14 Radial Oscillations of Grid or Foil Focused Linear
Accelerator for Various Synchronous Phase Angles.
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Fig. 15 Phase Acceptance of a Linear Accelerator vs. Fractional
Variations in Injection Energy for Various Synchronous
Phase Angles.
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Fig. 16 Photograph of Tank Opened for Receiving Liner.
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Fig. 17 Diagram Showing Disposition of Tank and Liner.
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Fig, 18 Drift Tube Clamps and Arrangement.
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Fig., 19 Outline Drawing of Drift Tube.
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Fig. 20 Photograph of Various Types of Slat Grids and
Beryllium Foils Mounted in Holders.
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Fig, 21 Grids of the Type Now Used in the Linear Accelerator.
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Fig. 22 X-Ray Level Near Output End of the Linear Accelerator
as a Function of Operating Radio Frequency Voltage.
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Fig., 23 Cross

Section of Main Tank Gasket.
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Fig, 2l Plate and R.F, Voltage vs. Time.
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Fig. 25 Cross Sectional View of Oscillator and Transmission Line.
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Fig. 27 Voltage Distribution along Transmission Line for Correct
and Incorrect Modes of Operation.
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Fig. 28a and 28b Oscillators Installed on the Linear Accelerator
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