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" 'RADTATION PROJECT PROGRESS REPORT NUMBER k4

 SYNCHROTRON RADIATION

"Lf;-An overview of the synchrotron radiation problem is.contalned in.
'ei'Radiation Project Progress Report Number. 21 A discu331on of program.
~'3  MAGCOIL: for determining ‘the field due to a given conductor geometry fi
i'(in axial symmetry) is contained in Radlation Project Progress Report
" Number 3, Parts I and IT2. Subsequent work on the synchrotvon radiation

_problem has been concermned with

(i) 'a general approximate aneljtical determination of the reqoirement

for a magnetic emergy converter, including its relation to the linac beamj

(2) development of the TRAP program for computer analysis of the
: _ Jmp Y

problem of single-particle injection into the converter;

(3) a genmeral examination of the frequency and power reqoiremeﬁts'

for- the linac as they depend on beam and cavity parameters;
(%) an examination of potential rf sources for the linac;

~ (5) a preliminary examination of linac instabilities at high beam

current}

(6) ‘studies of electric power transmission across a narrow vacuum’

gap using a bias magnetic field;
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fffTheee ﬁili be:takehrup'in turn;---.“:

(7) .construction of ‘a full scale magnetic converter to be used

:e'with the NRL 1inac for inJection studies (at about 20 Mev electron energy)

-f.i;_'Coﬁverter'Orbit Considerations

It was shown in Radiation Pro;ect Progress Report Number 2 that the'

t'conteinment time of a GeV electron in a megagauss field is of the order of

{, 100 nsec, meaning that unless the system is of great length (and therefore

With correspondingly great problems of stored energy, particle focusing,

" and beam spread), the electron must be constrained. to execute approximately

the same orbit many times. These requirements are of course closely related

to megagause field technology. If there were Ways_to_geﬁerate much- larger

. fields, for correspondingly shorter times, there would be the possibility"

of reducing particle energy, while increasing the eurrent, and reducing
the length of the particle path within the converter, This would in turn
open the way toward improving the geometry of the radiation beam. Such

techniques are not presently visiblé, though they bear considering, since

_ most of the cost of this system lies in the generator for the GEéV beam.

Parapotential flows in highly relativistic beams might, for example, offer

" a means of generating fields of the order of 107 gauss or more in the

neighborhood of the anode spot.

N

These questions are beyondrthe scope of the present discussion, which,

" for the reasons gilven, centers on the idea of a circular converter with

conventional weak focusing near the particle orbit, generating in thier-




.,y .

.-:héigﬁboihood a field of'the Order'of los'gacss. The'problemcuof tﬁe
“ behavior of material conductors. producing such a field wili form the‘

.subject of a future report;. here wWe are concerned only with the question

of orbits and of capturing an approximately collimated beam from an

'”1approximately monoenergetic source (1inac). The beam-produced fields
*'i*iin this situation, even for the highest currents, are much less than
:‘thosé'afising from the conductors » SO that in a first approximation we

h"-ﬁconsider only single-particle motion.

. The field must be shaped to trap pafticles injected from outside tﬁe

 converter. Therefore outside the region of radial focusing there must be

a region of radial defocusing with an unstable equilibrium in between.
This state of affairs can be represented by the phase~space diagram of
Fig. 1 which shows the separatrix in the R-R plane between stable and

unstable orbits. In a time-independent field the incoming orbit must Iie
" on the separatrix for trapping, which then occurs at the saddle point

o (ynstable equilibrium) orbit, In the diagram the separatrix is drawn for

a particular field and particle energy; for a given field geometry these
determine the positions of the stable and unstable equilibrum orbits,
For a field increasing in time, the equilibrium orbit positions move to
more widely'separated radii and the phase-space area of the separatrix
increases. This therefore suggests that particle trapping may occur for
initially uostable orbits indicated as type 2 in the figure if the

separatrix expands far enough during the trajectory to capture the corbit.

Computer calculations show that this indeed the case, and an approximate

analysis can indicate roughly what the conditions are for capture. If we

neglect all vertical motion and radiation (which is unimportant on the

~ ‘injection time scale} and assume that the motion is mostly azimuthal,




"i'we pan'ﬁfité
CR= /R - (e/ymE,
;bﬁnthe:mediah-plaﬁe..'Then put HZIE-T(t)h(R/ré)g where ro.ié'the scaie of the
e . N o kY _ : o
.- field; from adiabaticity arguments we have Y =< T2, Thus for p = R/ro’
3  “dr = ¢ dt/ro, r = éroT/mc2Y, prime = d/dt, we have . '

. d’fdr = 1/p - An(p),
1 12

20’ = logp - glp) +C, g = S ‘h{x) dx.
B - 0

The center (stable equilibrium) and saddle ﬁoint (unstable equilibriﬁﬂﬁ
- are given by the solutions of . '

pﬁ(p) = 1/?;.7

In the interesting region the LHS is a positive'function of p with a

single maximum corresponding to n=1 (n -raHz/Hzar); we denote the

saddle point {larger root} by Py For a given A the constant C determines
- the particular orbit (depending on initial conditions). To estimate the
- range of p' values which permit capture (for a given Py £ Injection '

‘fadius), write
Bhp % = S (1/p - Ah) dp,

Whefe the integral is.along_the.phase-space_orbit. If both ends of
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”lj°'th§ path ére_at p-' then

3.11 are appropriate averages of h over ‘the intervals (p )

.' the lower“branch and (p 0 Ps ) along the upper branch,'and .

.m'

_”f.wheré"p'i“ is the least value of p'encouhtérea'on'thé.érbit %z and

nia) 21078

bg = g(ps) - g(pmin);'
Then one can write approximately

B’ ~ -A'DT B,

where AT is an appropriate fraction of one turn. This has been estimated

by computer calculation to be about 0.3 turns in practical cases, giving
AT ~ 0.3 X 21 ~ 2,

. : \ . : .
Thus the estimated range of p'? values giving trapped orbits for

Py =pg is
_l%ﬁp'21 = QK'Ag.

In the spirit of this approximate analysis we suppoée_that When injection

'occurs, as 1t generally does, at a radius pi'> ps,-the san@ value holds for

p'pp’ &t injection, that is,

IpiAp’I - 212




:“Ffom.theygeometry of the injection'syspem one can show that. - -
S dyfdx = 4tan{}rénsin-dp/dT + arc ébs(l;y]pi)"1- o

“  in é.goor&inate system'Witﬁ origin at the point.dfntangency between

”ﬁthe.ﬁ;axié;and‘the_injection circle of radius Py- - From the preceding

"”"ngargument we have as an approximate requirement for capture

pé'_?;pi' >-p;' +:21'Ag/ps',':.

Hﬁhére_ps’ is the value of p’ on the separatrix at p = pi. " Acceptable
. phase space boundaries are therefore '
"'dy/d# = -ta l‘—.arc sin b ‘g ar; cos(l-y/§ )1..
oy axe sin pg NI
. and
_. I"' P ’, ’ | ' 1
~dy/dx = -tanj arc sin(ps + 2\ Ag/pS ) + are co&(l—y/pi) .
: o L : ot
This.phase space- is sketched in Fig. 2 for sdme.typical'pafameters. The |
" héight is (in order of magnitude) Eh'Ag/pS’ and the width is_pi. Tilting of the
" injected radial phase-space figure is required for optimizing the fit, implying

" the desirability of horizontal convergence of the éntering beam.  Optimally

the required phase space is of the order of -

s EPiK'Ag/pS'.I .




“ . Reverting térthe unnormalized vatiabless-we.have:'

o etae"| = (x o) (/m)bg/mlp ),

v}fénd therefore the captﬁfable phaSe space;iﬁ the horizontéi plané ié,
" {n em-radians, - o ' -

8y = Tybey vy Loy"80,"1/ng o ri(rolc?(H/H)Ag_/h(pi)ps.__': S A
'ﬂThe.qﬂanfitiéé.Ag, h(pi); bs' must be found bj detalled calcﬁlationrfrdm :”
the field shape; typically such quantities are of unit magnitude s0 thét'
~in order of magnitude Sh is the injection raditus times the relative amount
the magnetic field changes in one radian of orbital electron motion. This

is the required relation between horizontal injected beam quality and .

the field rise rate.

The effect of an énergy spréad in the beam (or, equivalently, fhe
effect of an increase in the magnetic field during the injection period)
can be consldered by.témporarily disregarding the field time-dependence,
Thus,‘at_any [/ pé' can be regarded as a function of 1/A, which plays

the role of an energy, and therefore any value of 1/A up to the maximum o
which is just accepted.at n=1 is allowed. Accordingly an energy-

sensitive angular deflector is required at the injection point so that -
more energetic particles can enter the converter at larger values of

[ p'l. The system needs a deflector with a dispersion (= dp’/a{1/2))
sufficient to insure that'moderate energy spreads {ten to twenty percent)’

can be accommodated, This does not seem a difficult requirement in principle.-




2, The TRAP Codei

L The purpose of this code is. to solve the equations of single particle
f_motion of an electron in the converter guide field. The latter is found
from the geometry of the current-carrylng-conductors,by program MAGCOIL;
The . results of this problem have been checked against measurement in a::.

full scale model of the converter and found to agree Wlthin experimeﬂtal:.

!','=error (i 0. SA of maximum field)

.The equatibnéftoﬁéidered by TRAP are .

dp/dt

= ~(2/3) e P(#/mc)p + o[E + (1/yme)p X H], -
'dé;_/dt = (I/Ym)g,
| Y.= kl + Pg/m?cgjéi

the- momentum and bosition are p and r, T, is the claesical electron radius,
and E and H are the electric and magnetic fields. The radiation term
-(Q/B)Yreg(H?/nm)B is a suitable approximation if stromg accelerations are
absent, as they are here. The output of MAGCOIL is the "pseudopotential”
¥, where T(t)?(z).= RAe, R being the polar radius. We_essume that theré is

no electrostatic contribution to E, so that

x|
H

0 - (T/R) ‘l’/c, = E> =03 HR -e/sz = -(T/R)3¥/dz E'—'(T/'R_)‘FZ(R.,Z_)

]

a/RaR(RAe) = (T/R)YR(R,Z).




fﬁIt iS"COhvénient'td use Cartesian codrdinates;‘ﬁhicﬁ give'”".
INGE f;';‘;" S o -"'-.'7.';.; e 3 :'_5-' N ";1' 5, vy
A gx:—_HRx/R,.H = Hyy/R, Ex_ -Egy/R, E, = E,x/R, R = (x, +y ) .
" In addition the briginai equation hé$rbeen normalized for the sake of .

""_con#enience: P = _&Y/Yo = B/Yomc',: T = 10%, 6 = 'Y/Yo', h

‘g =10"6T, Then putting in the numerical values of the constants, we have

'1:' qgjaf

R A R A

- Lok X109 RO eE

o ivaoofvo)[(éywcla?, -Sx¥/cR?,0) + 67 X (-SxY /R, -8 Y, /%%, SYR/R)] ';
dr/dT = 306" P,

‘A suitable form for § which contains the essentials of the magnetic field

- time-program is

" momenta, which must be chosen so that G°=1; (2) 8, éo’ K; and (3) the

AR

b4

il

107%H,

L
G = (ya'g + P%)E,

§=8 + 10798 1 - Kr2.
i o) [o]

Thus the whole set of imitial parameters are (1) the sik ¢oo£dinates.and‘

MAGCOIL ¥-values, determined by tabular interpolation from this program.
The ‘object of TRAP is to define the boundary of acceptable phase space

in the initial values (z,_Pz, ¥, Py’ Y)o for a given conductor configuration

and magnetic field time-dependence.

' Numerical results from this code will be thevsubjéct of a subsequent

report,




"3, Linac Parameters

' There is an array of reasans (Radiatlon Projece Progfess.Report _

- ZNumber 2) why a stored -energy linac operating at low frequency is pfeﬁably g
S the_best sou;ce of generation of intense synchrotron radiation by magnetic
”conversion1  It 1g therefore appropriate to see how the linac parameters

'LH-L&epend‘en the'beem properties. The quantities_used in this estimate are

'{*5(1) the rate o‘ particle energy gain for. cavities of length L'3

_d?/dz =T = eEo(sin %¢e/%¢e)_

-where E- is the peak electrlc field (v/cm) in a TM. cavity.and @e

is the electrical lquth'

T

010

(2) the Kilpatrick breakdown criterion fvalid at frequepcies of

interest)

' E = 1.1X 108)-0 - 394

- where A 1s the free-space wavelength {em) (this level of field is used

as a point of reference, since it is realized that fields well over the -

Kilpatrick value are attainable);

{3} - the stored-energy criterion:

+
2

6 8 x 106[(k/h)it )T ]

'Where k is the ratio of the cavity stored-energy'to tﬁat.extracted_by the

beam (energy quality‘figure), h ~ 0. 29 for TM cavities, i is the beam

. 010
current (amps), and t_ 1is the beam duration (seconds);

10




'”7ﬁ;(h)_:the foactor;“ . Seni S
o ’ T =o0. 77()\/d)/(2 + 0. 77A/L),
n-where d is the skin depth"'

'T;rT(S). rﬁe tqtal rf poﬁer. '
S e T e kitT/cz,
L where T is the total particle energy gain

'VA.sﬁreightforWard ﬁaeipulatioﬁ-of edjustaﬁle.constants.prevides'a'r _
" pormalized wavelength Q and.total-power p which can be specified in terms_.
of the electricaiflength of a single cevity. The electrical length 7
- factors are showa in Fig. 3 . To find the actual wavelength and power

Iin a working device these should be mulriplied by the appropriate
normalizing factors, shown in Fig. 4 for various values of V/VK, where

V is the applied cavity voltage and V is the Kilpatrick value. Several
points are worth noting: (1) increasing the electrical length of the
cavity reduces the required rf power at the expense of increased
accelerator length; (2) the beam current does not strongly affect the tf
power requirements (although increased current demands a proportionate
increase in rf stored emergy and therefore in fill time); (3) increases
in energy gain per meter demand almost proportionate increaées in rf. |
power, but the aecelerator becomes shorter, and iestability dangers

are probably diminished. The original estimates of the order of 1000
megawatts at about Ve for the cavity voltage and a frequency near 50 MHz

are stlll appropriate.

- b, Practical Aspects of Lihac Design

The problems of the accelerator dest gn separate naturally into the

.'conventional approach, paralleling Venable at Los Alamos, versus the




' jsuperCOﬁductiﬁg linac. Considéring-fifst the cénventionalflinag,

' thé7main problem is the power source.

" We assume the fbllowinv:parameters”for the purpose of discussions .

"accelerating field = 30 MV/m; frequency = 50 MHzj; wavelength Bm;,totalf

'__1ength 4Om; total energy 1.2 .GeV for 27 half—wavelength cavities; total

| peak rf pdwer required about 1000 Md. These parameters should not vary.
by more than 20~-30% upon more detalled calculations, unless beam currents
S '_greater than 2 to % kAmp are desired or cavity length greatly different_
ﬁ'.f from 180° is employed. '

' Three alternatives are considered for'the_ff'powef source: (1) TUse

" the largest available tube, within ratings or slightly beyond ratings.

This approach would be the most conservative one but also the most costlj

Tt wousld require little advance testing of the power source. (2} Use a
presently available tube well beyond normal ratings, either in a straighﬁ-
forward circuit or perhaps with an unconventional twist such as pulsing the
filament to obtainm more power., This method would require a moderate tésting
program to prove the feasibility and determine the extent of the cost

saving. The approach is worth consideration because of the low rf duty

“eycle. (%) Develop a tube tailored to the need.

Alternative 1:  The probable choice of an available power tube used

‘in a conservative manner is the RCA type 4617 (oxide emitter) or the RCA’

7855 (thoriated tungsten emitter). Each is capable of peak power in the.
fange 5-10 MW. ~The L617 however is-only_réted at this power level for
pulses less than 25 wsec in duration. For the much longer pulse required
in this case, some derating would doubtless by necessary for reasonable

tﬁbe life. The 7835 has no such problem but on the other hand employs a

12




72# kW fllament requirino 3 MW continuous power for the fllaments.'

'r';This is an 1mportant operatlng cost factor, but not a prohibitive problem.

The new NRL Cyclotron, for example, uses the same continuous. power level

- for nagnet excitatlon. 'For this alternate the cost of ampliflers would a

B :j';be about $11M assuming 108 units at $100K each

'Lﬁltefnative 2 Available tubes may be used in an unconventlonal Way

: Either of the tubes cited in Alternative 1 may be pushed beyond its _
' published ‘ratings, but in each case some testing would have to be done to o
find the emission vs tube life. In any event, ‘the 4817 appears to have ane
:_upper limit.of about 10 M@ oufput. The thoriated tungsten of the 7855

on the‘other hand, invites the possibility of pulsing the filament Wlth

a duration,rsay, 2=-3 times its thermal time constant. The emission
capability should be doubled with a 10% filament ove?voltage. Thus the
2k W filament level should be maintained and a 3=5 kW pulse added, In
this manner 20 MW output may be possible from this tube. ‘Life would
depend on the duty factor of the filament'overvoitage and possible thermal
and mechanical shock damage. In some such manner as this the amplifier

cost might be reduced to about M.

Any study of the use of presently available tubes beyond their normal-
‘ratings should also include other tubes from such companies as Machlett or

Varian-Eimac.

Alternative 3: One may'develop a tube tailored to the need, A.

.design goal of either 20 MW or L0 M¥ would seem,apprcpriate. This would
allow either ome or two tubes to power each cavity. Developing a tube
for less than 20 MW would not be worth the effort when compared with
Alternative 2. The annular beam tube mentiomed above is the most likely'

candidate. Its potential advantages are a large emitting surface, higher -

1




:'voltage (lower gradients), extreme pentode ~like characteristic, high

effic1ency and relatively few parts® By contrast the RCA type of

:f'construction can be described as a large number of small beam—formina

.t-tetrodes within one envelope Accordingly, the - cost is relatively :
'“T.high. Furthermore the voltage is - limited by the relatively high
i, gradients, especially near the screen grid.” The RCA tubes presently :

'-f_lcost $20K - $25K, To scale such tubes to higher power ‘does not appearfc.

'.H\fto be worth the ‘high cost involved although of course “the tube L

t'engineers gshould be given their day in court

'In summary, the RCA.multipleeelement'approach costs about $2500/MW;
“the annular beam tube shobld cost no more than $1000/MW and perhaps as
- little as $300/MH. ' '

It must be-recognized, however,.that the primary goal in.seekiog a
.higher power tube is not wholly to reduce the tube coat but to reduce -
the number of amplifiers needed. The tube cost will probably be no more
than 25% of the total amplifier cost in any case.

~ Another variation to the tube ratings problem would be to build the.

' power supplies, modulators, rf drive, ete, for a 20 MW (or kO MW) tube on-
the assumption that within a few years it can be made to Work at this

" level. The accelerator would be designed in such a manner than an
acceptable beam intensity would be obtained even if the tube produced

only 50% of its design goal. The higher power, once obtained, Would produce
Ca correspondingiy greater beam intensity. The cost of adding the necessary
flexibility in the beginniﬁg would be minimal, perhaps a few percent of

the total cost. D '

T




' TOTAL COST-CONVENTIONAL LINAC ~ ~ ~

-&_lpreliﬁinary.estimates efe_most easlily obteinable frbm_figures

“’;;sﬁpﬁlied by Venable. These indicate the basic cost exelusive-of

‘famplifiers to be about $6M,  The cost of the amplifiers will depend on __2.
which alternative is followed For the most conservative case- (5
'amplifiers per cavity, 7.5 MW each) the added cost would be $11M, fFer-.v-”

_:ithe projected Lo MW tube development the added cost would be about '
H'"i'$5M; Thus the grand total lies between $OM and $18M, dependlng on the

‘rf soburce.

. SUPERCONDUCTING LINAC

_'The advantage, or quality, of a low—temperature linac may be judge&n
by the Q-enhancement, that is; the ratio by which the normal electrical
losses are reduced by operation at low temperature., The state of the art

at present is approximately as follows:

Present Situationt A number of Q-measurements have been made over

the past several years with small, unloaded, single cavities, using both
lead and niobium surfaces. Many of these measurements have given rough
agreement with theory, indicating Q enhancements up to 10° However, tﬁe-
Stanford five-foot model accelerator using lead has not worked ag well as
expected. The first major test yielded € MeV and on each subsequent trial
. the performance deteriorated. Niobium Is now considered by the experts

_ to be a more suitable material than lead. In addition to the choice of
material,'thefe are many other potential problems such as thermal stability,
eleetrical stability, field emission, surface requirements, trapped |
:magnetic flux, thermal and electrical_conpling, residual losses and so on.

: Most of these problems have been dealt with theoretically and are believed

15
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"L?to be soluble but progress in the practical reallzation of a2
*asuperconducting linac has been slow, It is simply not  yet clear what
" the final Q-enhancement will be for—a.practical machine, . Values,as.:r3'

Q'ISW aa'104 or 103 may'have to bé accepted.

- Variation with Frequency: Another questidn arises wheh-appiying'

w.these considerations to the present case. What is the variation of the:
fj_'Q-enhancement with frequency’ It appears.that no experiments have been
E done even with lead at frequencies lower than 1000 MHz, and certainly '
-nothing has been dome with niobium, This question would need to ba.

a_ answered before proceeding very far. Extrapolation to 50 Miz withouﬁ_

proof would be very risky.

Cost Saviﬁg? .Over-ridihg all of the above considerations is a more

“basic one. Suppose'that a Q-enhancemeﬁt.of 10° is attainable. What

would be the cost saving assuming that all of the "engineering" problems
could be solved? The rf source would need to supply some 5-10 kW instead
of 1000 MW. Using the Stanford estimate of $1200/watt.for the cost of
refrigeration at 2°K, one obtains $&M - $12M for the total cost of

refrlgeratlon. Any Q -enhancement less than 10° would increase the cost

'correspbndingly. The ‘cost saving is thus highly questionable. The

motivation in the case of the Stanford accelerator is not the cost saving

but'the possibility of a continuous beam, ‘No . such motivation exists in

- the present application.

16 _'




'sz; :Pféliminéry Examination of Linac Instabilities

‘  by the vector potential with Fourier transrorm

oS

L-ﬁjﬁhéfe Ab(ﬁ):is an amplitﬁde'functiqng and- T

(‘i’ )p. 3_83_& (i__i_ ) cos¢| cos( )
e 83)%

@a 1 (B g o )

._ u ._ - (Y{)) L (5___2 ) 'cow Sin( )

~ a being the radius of-the.cavity and 4 its length' down a chain of identical
cavities, and 3.83 the lowest positive zero for J1- It is assumed that

the walls of a cavity are perfect conductors (this restrlctlon must be

rélaxed in subsequent work), and that the iris between two adjacent

cavities is too small to allow much electromagnetic coupling between

cavities (another restriction which will subsequently be relaxed) . The

current density in the Oth cavity is assumed to be in the z-direction

and tc be given by ' : ' S e
o) - 3 66) oaemy conlos - 2) + )
20 r,t .- y. \XXO cosmt-—c € _
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:We havé'coﬁpﬁted the”propagation of the‘TMlO ﬁodé,.defiﬂgd-in_éavify O';-z
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“"lwhere:m ie‘a”forcihg frequehcy, and ﬁd'is'tﬁe force{amplito&e in'oavityub:”l

J*H.The z—velocity of the: electrons is taken as c, although-it could be takeh.._
as having a smaller value, ¢ is a phase constant inserted for convenience;_ .

e is a constant having the’ dimen51ons of a current

S The displacement of the beam in any subsequent cavity es a result
iof the forced oscillation in cavity O is computed This can be done as:
a special case of the general formalism given by’ Helm , but 1t was
.'thought worthwhile to do it explicitly, since it is not ‘done by Helm in :
‘an explicit way so that the physical significance of the'reSults_are'cleatly -
exhibited. ' The paper by ?anofsky and Bander®, which does treat the beam
' blowup problem in an explic1t Way in terms of a simple model, is likewise
finappropriate for several reasoms. Here we treat the propagation of a -
.spec1fied disturbance in cavity O as a functiOn of positiom down the chain
of cavities, not.as a function oftpooition and time, (Of_course, there :
1mis alwayé a sinusoidal time factor with forcing frequency w.) As in
'Panofsky and Bander, a single cavity here really represents an eﬁtire

section of 86 cavities if it is applied to a complicated structure like
“the SIAC, through naturally SLAC is not the final application we have in
mind. Because of the negligible intercavity coupling'the beam blowup

being considered here is the cumulative or multisection kind where the
information is conveyed solely by the electron beam, not the regeneracive
~ kind with nmegative group velocity. We can treat the latter only after

we have dropped our restriction of negligibly small irises between cavities.

18




(3 83)2 (3.85)2027 9 . T T

(3 83)"’%2

(where the definite integral has the value 1. 19) Then the portion of the..

__' vector potential_in the Oth cavity in the TMIO mode is given by

o ¥, _
- 2.(_’ )__ ?O(r) Caer /3 85x 3. 85x
r,t) =

J-J J1 ( ) '
wbz - o® Yy 0 2a 7

o - ol el

]_...

AN A

+TT(:/ 2)}
_ 1+ = _
: - o L RICE _ e
1)
(where Ao(r t) S dw’e Ao(w )?6-r .
Let the phase o of an electron be defined by
-z

= w(t - ~c—) + e,

then this electron suffers a charge.in.canohical momentum in the x

direction (where e 1s the charge of an electron)

: 19
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L - o342 8 X 5.85 cos o 3 ,.-(.-m> L
_ Px a‘.uo . . 11. . ug uR 1 ! 2 ‘

( 3085}{0) - ('Efz:) :- . - . e

))]

1—-—-‘ e ok
S Tme o e

in'péssing“thru cavity 0, or

: Apx

s iy e 'Ji:'  3:83x-.cosd )
PP )
. '_as(l - —_—aa w2 - of

(5.83)247 |

x;r_ﬂi(__) 1) i“(f”.@_‘z“ ).

e e

=
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Let ué for now assume (Helm, loc. cit, pg. 5)-that'the cHange in canonical
x-momentum and the charge in kinetic x-momentum are internally equal,

{(In any particular application, the order of magnitude of the vector
- potential term contribution which gives the difference between the two must
"be examined, and if it is not negligible, the canonical and kiﬁetic

Apx should not be equated.)

Note from.Eqs 2 and 5 that both x and Ap Lontain the factor cosg,

| 'and are therefore in phase, or 180O out of phase.,
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) For ——-<< 1, Ji_ % ) For 29 smsll, since eJ > O

.:)f{ﬁéthéﬁe-Ap and ‘x in phase (instability) if.®2_<iw 2.(where .

O..
_ is.the natural frequensy-of the TMlO_mode .
ﬁ'-rf,in one: cavity) and 180O out of phase (damping) if wa > w.2. Such as"

O

r-:rffin phase instability can be cured by simple focusing, provided that ®

':V(the forcing frequency) is kept away from some immediate neivhborhood
of mé. To consider ® near wo, we must. replace the finite Q of a cavity
. by 8 finite Q Cconsider resistivity of the walls). This prevents the

. 1 H

singularity —z=— from occuring, but introduces a quadrature”compsnent

o o _ N S . SR
in Apx which may not be so simply curable., This will be examined later.

If we assume cavity number to be a continuous variable, then
(writing P for P, ) ' ' .
dx _4p

———

dn ic ¥

o dp _ '
~dn Fx
'where x(n), ){n) here do not represent inStantaneous displacement-

or momentum but the amplitudes of these quantities and where the constant F

is given by (—Q << 1)

- 36.68 eds SV -
aé(l + ‘n2a2 ) UJ-a - (.\12 )
(3 .83) 243 o

sin«l-_-) ) m« 1)
' 'L.i.. -2 - -
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'de“Let us make two different assumptions about Y as a function of n,
‘namely Vy=const. and Y—bn where b is a constant. (If Y—bn, the initial

© . cavity does not have number 0, but some positive number ) Y"const.;

,fL?;. gives (fOr x(O) = xo, p(O = O)

B

O./ B sin oh J_Y; ) (8]3,

for F >t0,'the unstable case. Yy=bn leads to adeolution_of the form & -

I1'.‘

p(n)

o _;Pd=:v5% ;lili(eyaﬁ}; gzé;x(édeﬁjii .1 ,-tr-g[ .r- fj.t:'ir .(ér._
I-Where. | | | | | | |
= E-‘&/.(nbc) .

_ For 1arge n, Eq é implies a.growth of the form exp(const n) while :
"Eq. 9 gives a growth exp(const. VF Of course, the slower type of growth

in the second case 1s due to the stiffening of the beam as it is

accelerated.

- Relaxzation ofzthe simpiifying assumption of lossless and uncoupled

cavities will Be the next order of buginess.
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. 6. Power Transmission to the Coﬁverter

The inductance and stored energy of the magnetic converter can -
be accurately calculated with the MAGCOIL code. It is desirable however;i'

'_to design the converter proceeding from a basic two-£{lament coll in

”517 & configuration close to the Helmholtz type, which provides a centrally

flat field through terms in R®. For reasons of creating an escape
.l;'path for spent_electrons it seems.wise to have a very slight increase in
" the field with radius near the center,'EOIIOWed By a maximum and then
‘the usual decrease needed fOr orbit stability. To reduce the stored
energy as much'as'possible the conductors of the actual coil should
probably beaplaced approximately on the separatrix for which tﬁe_
equi~pseudopotentials around the filament Just reech the median plane;
Locating the conductors on_lowerwlying pseudopotentials, though loweriug.
-the inductance, severely restricts the space within the coil and allows
no easy injection path; locating them on higher ones, while leaving a
lot of room for injection, causes a large inductance increase (Fig. 5 ).
Because of this fundamentally simple geometry the inductance can be
estimated to reasomable accuracy without the need for the program. For
the full-scale model coil the estimated inductance is about 60 nh, and
.in'order to produce.a 108-gauss field at the n=0.7 point the required
stored energy for 1-Gev electrons is about 6 MJ. This quantity is
strongly dependent on particle energy, as is indicated in Fig. 6 . ‘This _
represents a practical consideration which tends to push the l1inac beam o
toward lower energies and higher currents. |
o : In any of these systems it Is required that the converter field
should increase rapidly in time. With the above figures for stored emergy

- 23l.




“Q.and inductance one flnds a current of 10 MA coupled Wlth a rise time of the

.'t-order of 1 psec, so that the required. voltage is ~ 60 % 1072 x 107 x. lO6
‘-Q or, for order_of-magnitude purposes, 1 MV. One of the principal problems

" here is to minimize the inductance of the leads to the coil.  This indicatésta.

close spacing, and there 1is therefore a problém of breakdown in thia-region.

An attractive way of . overcoming this is through the use of magnetic

'insulatiOn. ‘In the particular case of an. inductive load such as is
:"”'presented in this situation there are problems comected with the fact

" that voltage must be applied some time before there is an appreciable flow

of current, so that the system ig unable to develop its own magnetic insulation

. as in the case of a resistive or field-emission load- Theréfore one must

‘apply in effect a slow bias field prior to application of high voltage. This

bias field may result either from a large low-frequency current through the

" conductor, electrically isolated from the high-voltage supply by a large

series inductance, or ﬁy a field produced by external conductors. Each of
these methods has characteristic advantages and disadvantages. Thus if the
blas field is produced by currents within the internal conductor, the magﬂeticf
and electric fields tend to become iargé together (in regions of large
curvature), there is no problem in principle in transitions between coaxial
ahd'other geometries, and internal magnetic emergy is stored only where it

is needed.i On the other hand, it is necessary to provide isolation between

the high and low-voltage systems, which necessitates -an external inductance

in which much energy must be stored; moreover, there is a difficulty

~with inductive. loads which are not in a vacuum enviromment arising from the.

presence of the insulator which separates the vacuum reglon from the legad.
Since such an insulator blocks the downstream flow of electroms, it will temd
to become charged and thus to deflect the stream into the anode as the system

attempts to set up an'equilibrium flow’ . For many geometrles the extra

'21&[ -




ﬂ_'stored energy which must Flll regions of low or Zero electric field '

when the insulating field is provided by external conductors is mot too

- high a price for- freedom to ‘use downstream insulators and the convenience
'::_afforded by complete electrical separation between bias and high- voltage

‘:circuits.' In a given ‘situation the ch01ce of one or the other method

'“_'depends on individual c1rcumstances. In any such systems the vacuum must '

" be sufficient to insure that formative spark time >> pulse length8

o JERRERPEE - S - _—
__From ‘the ele ctron drift time TH 55H d /PTorerolts given in Ref..S?J

. .we have for H = 10kG, V = 106V01ts 10 STorr, d = 0.5 em, the
formative time A'SOOps this requirement is thus amply satisfied by good

'-'vacua.

It_is eppropriete to examine the-question of magnetio'insuiation in
‘a coaxial. geometry with an external coll; since this was net covered iu
the discussion of parapotential flow’ . This condition is characteristic
.a%: i '_ . . -of magnetrons, where we suppose v, E, and H to be mutually perpendicular.

““~The equatiors are
"HH/dR = 4mJ,
o i
B = (1~Y’ )=
R'ld/dR(Rdy/dR) = knJ/17008,

B-tdy/dR + BY/R = H/1700,

where H = Hz, J-is the current density, and the last equation takes account

of the centrifugal force. These can be combined to glve
‘Rdg/dR = g%/(v-1/v) + ¥(¥*-1},

RAY/dR = g;

-




mi“ﬁﬁﬁthus j :f-.: ='

':--::gi..lving _.

LA g

..  where C 1is a constant.  To determine C we have

i

' 8-2(dy/dR)Z

- (o - .

:.?ar 8 4l0,.H -+ Ho.(fieldfag.thé c%fﬁodej; so.;baf.

e ; fr;H°/176OJé.

: 6ne.fiﬁd§ theﬁ'_

.;évf&.iog'R.= t(vé;1)é- cP-nE,
} S§ that |

.&'PI/'[P(P+]_.).(_]§.'+C) ]% )

-

A log R = log R/ro_¥ %

o where P = v*«1; P is the maximum value of P,

RPEP(p4yE + CBPR) = RE(R2Y + oy3)




'ﬁ_Accbrding'tO'Abramowitz”and Sfegunsw 

1
=

..;“};ipé R/ro:= . F(arc sin J@/(P+1) VTC 1 /C):

-:§.=‘1[qn(czlong/ré):"

" where the circumflex refers to the outside electron.  We must havé-C-afl"

- for a possible flow. Generally F is not too different from anm arc

cosine of 1/v except for very large G, and the iﬁteresting behavior is .

feasonably well represented by the formula

.3_‘- ~ : i A
. G® log R/ro ~ arc cos 1/¥.

~ One ohould of course note that C refers to the field inside the flcw, and

that on the outside (produced by the external coil) will be higher, the

value being

= 1700(8 /R + § 2(a¥/dR)) .

- Thus

I\v

T oA o ~ i .
HR/1700 = B ¥ + 3“1( CBaYE =

‘For iarge.y we have 1o order of magnitude cf.u lflog ﬁ/ro;

"In order to‘check_out these ideas we have built a test section which

- “can be connected to the 4O-ohm Blumlein previously used for diode testing;;o
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. This w111 be fitted with an isolatlng inductance for dl*ect connectlon

T 53to ‘the low-vo;tage bank as well as hav1ng provision for an external coil

e (Fig. 7). Interelectrode spacings of 1.0 and O. 5 cm will be tried in

3af: this’ arrangement. They will be subjected to about 1 MV.

--'a.:7. nMagnetichonverter for the NRL Linac

It was decided that aa a supplement ﬁo the-TRAP eode an'attempt i
'1.Wou1d be made to examlne ‘the radiation produced by capturing the beam
'.from ap existing linac at moderate energy (NRL machine) using a full-
scale model of the final conmverter (Fig. 8 ). The conductor shape used
in the coil was derived from a two- -filament configuration: w1th a: |
geparation-to-radius ratio of 0.45. Starting with the analytical formula_
for the pseudopotential, involving complete elliptic integrals, the
separatrix surface was sketched and then fitted with a simple curve nade.
ué of straight limes and circular arcs (Fig. 9 ). The final check was
made by.using the manufactured cross sectional shape as innut to MAGCOIL

and comparing this with measurement. (Fig. 10).

The particular parameters.of the experiment were determined by

convenience in the stored-energy source for driving the coil. Thie is a
2-kJ fast (20 nh) condenser with a capacity of 2 puf (manufactured by.
_ Sangamo). The estimated total circuit inductance is 100 nh, providing -
a peak field af the orbit position of ~ 20 kG and a ringing period of
'about 3 usec, With the design orbit at 3.4 em radius this specifies an.
electron energy of 20 MeV. The indicated parameters also provide a
critical energy of 1.7 eV and characteristic synchrotron radiation time
- of 0.03 sec, leading tec a radiation;loss rate of 107%° watts per electren,

1f at first_appfoximation it is assumed that the capture.intervai of the

e




: magnetic field is 1/2n times the ringing period or -h x 1077 eec,

" 'and that the accelerator delivers beam to the coil at 10 mA, ome getS'

:e_a rate of power generation by synchrotron raaiation (at all an°1es) of

'111_2 L watts. The spectrum roughly resembles that of a black body at a
‘Q:; temperature of about 0.1 of the crxtical energy, or 0.17 eV naEOOOOK
. These figures represent a high input for a photomultlpller tube and

S may therefore permit substantial collimatlon of the linac beam so that

.. accurate determination of injectlon conditions will be possible for -

'"7quantitative_eomparison with TRAP. The experimentai layout 1Is shown in

Figol 11 °

- The first phase of this study will be completed when (1) 'satisfactory

o results from TRAP, hopefully confirmed by experiment, are iny (2) When_

satisfactory operation of the low-impedance power transfer system for the
converter has been achieved; and (3) when a reasonable estimate of beam

stebility can be made,
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- FIGURE CAPTIONS

'fifSchematic of radial phase space of magnetic energy converter.

'arLimita of horizontal acceptance in magnetlc converter for typlcal
" parameters (A and B) and approximately matching linac phase space
'~_i(e111pse) : . . .

ft.Cav1ty electrical length factors (K and Ks determined from Fig h)
'; Power and wavelength factors (v is the Kilpatrick breakdoWn voltage)

- These numbers multiplied by the appropriate values found from Fig. 3
- provide total power and wavelength for a 1~GeV accelerator° {k/h) RN

is an energy quallty factor.

Lines of constant: magnetic pseudopotential for Helmholtz geomatrv

Interrelationship of critical energy, containment time, magnetic field;

" electron energy, and magnetic stored energy based on present coil design.

Layout of magnetic insuiator:test section.
The model converter.

Cross section of converter.

Comparison of measured and theoretical converter field,

- Layout of limac beam~capture experiment. -
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Figure 2 - Limits of horizontal
acceptance in magnetic converter
for typical parameters (A and B)
and approximately matching linac
phase space (ellipse).




Figuré 3 - Cavity' elé,ctrica'l
length factors (Ks and Ky
determined from Fig. 4) =

K;' x WAVELENGTH

Ks' X TOTAL POWER

] | L |
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Figure 10 - Comparison of
measured and theoretical
% X X converter field.
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