2 VS R LA February 1581
)

PROSPECTS FOR VERY-HICH-GRADIENT LIRAC-COLLIDERS' -

WASTER

Abstract

The energy vealist{cally attainsble by an eleccron-
positron storage ring is Jimited by the RF voltage and
power Tequirements lmpased by synchrotron radiation to
about 100 GeV. To rosth energies of 300 x 300 GeV and
higher in a colliding beam machine of redsonable dimen-
sions, we must look to the linnc~collider operating
at an cnergy gradient on the order of 100 MV/m. Proper
choice of an RF structure [or such o collider can wmini-
mize thke total RF power requirement and the effects of
longitudinal and trangverse single-buach beam loading.
For an operating frequency in the range 4=6 GHz, the
total RF power requirement for a 300 « 300 GeV collider
with a ;uminesity of 1072 co~2s~! accolerating 1o0!*
particles per bunch is on the order of 50 MW. To drive
this collider, RF power soutces ate needed having a peak
ocutput pwer ic the range 1-2 G, Possibilities for
attalning these peak pover lovels by direet gener-rion
and by energy storage and fast switching are discussed.

Read for High Gradient Linac-Collfders

1 we censider the sequence of eve” acorage Tings
EPEAR/DCRIS - PEP/PETRY - LEP, we find rouph agreement
with the fallowing scaling Jaws with respect Lo ~nergy
E-: circunference ~ B%, RF power cequitemeni (comven-
tipnal RF systems) '-Es. cost ~ EA'S. We can also de—
{ine an averape pradient Ep, &8 the tenter-of-mass
enerpy divided by the ring circumfaerenca. This grad-
ient, which is » measure of how murh real ostate is
recuired per unil of enerpy, scales aw Bqy ~ B, 11
we use these laws .o extrapalate to a 3001 300 cev
machine, we find that the (drecumferoace would be abour
Wt km, the RF powrr requirement about ) GW, the cost
about 5 billicn dollara and the average gradient aboul
2 MW/m. A erperconducting ot pulsed RF systenm could
urdoubtedls be uned to raduce the RF pawar, but the
cest and the weracious appetite (or roal estate of such
a high-energy ring would tewatln as nearly insurmcuntable
obstacles 1o its construction. 1f we ars to eollide
e¢lectrons and posittons at an anergy such beysnd that
forcseen for LZP (130 GeV with superconduccing RF), we
musc turn to the concept of two opposing high gradient
lirear accelerators firing single bunches of electrons
and positrons at each orther: the linae-collider.

Rough Pazameters for g 30D » 300 Ge¥ Linac-Collider

We choose a gradient of J00 MV/m as baing realis—
tically attalnable in a properly deasigned acceleracing
structure for short RF puldes (¢ 500 ns) at Sebund fre-
quencies or higher. A discussion of breakdown limits
in RF structures and a justification of this choice of
accelerating gradient is presented in a later sectjon.
The iv inosity for a collider acceleraring single
bunches 1s given by
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vhere Ny, 15 the nuxher of particles per bunch, €, is
the reperition rate and o: and ¢ are the transverse
tea- dimensions at the collision point. Table I gives
a «onsistent set of pavameters for & 300 x 300 Cev
colilder witn a luminosity of 1092 cx~7a"l. The dis-
ruption parameter and beowstyohlung parameter listed in
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TARLE 1
Paraneters for a 300 = 300 GeV Collider

Accelerating Gredient 100 Mz
Length (both ilinocs) LI L
Luminoeity 1032 cm™2g=)
Parzicles par Bunch Ny 101
Repetition Rate fy 200 Ha
Beam Dimsnsions o, ok 0.7 um
Beta Function at olliafon Point &% 1 o
Bunch Length g, 1 =m
Meryption Parameter D 0.95
Beawscrahluag Farametar § D.05
Average Curraent eN,f 5 uA
Average Beam Power (hoth linacs) 3 MH

the above Table are deffned «nd discussed elsewhere.!™?
Very briefly, D is 2 measure of the fracrional change In
radial pucition of a typical particle in une bunch
during its pessoge through the electromagneric flelds of
the opposing bunch. D is proportioral to Nyo /8*. For
D the order of unlity or larger, 8 pinch effect squeezes
the bunches radially, enhancing the luminesicty. For
D =0.95, this enhoncement Factor fs a little over three.?
The beamgtrohlung parumoter ¢ the fractional emergy
loss due to synehrotron radfation produced by the parti-
cles in one bunch peasing through rhe deflecting fields
of the opposing bunch. At & given cnergy, & ~ NZ/i,8%,
Many trade=-offs beilwosn these parameters are possible
for a f{xed luminosity. For example, ¢ can be increased
by lengthaning the bunch, or by decreasing the chatrge
per bunch and increasing the rapatition rate to maintain
the luminesity, It is izpertant tu realize that che
single-punch parameters Ny and ¢p, the bean-heam param-
eters #, D and &, the final-focus parameter 8% and the
repetition vate {4 are all intecrrelared. The average
power requiremant, of course, 18 proportiomal to f,.
Later we will see that the anergy spread due to single-
*mrch beam loading and the officiency for the transfer
of energy from the acceleracring fields ro the beam also
depend upon Ny, and 0z. Thus Table 1 should not be cou~
sidered sn optivirzed paramataer list. 1t is a possible
starting point for a collider design that will serve to
give us a Feeling for the mmbers fnvolved.

1n ordes to sttain a gradient of 100 MV/s, toth an
appropriotec accelorsting struiture and an adequate RF
pover source are needed. We comsider the structure
problem first. Once the structure design is chosen, the
AF power requirement {s alsc specified. 1lu the can-
ciuding gections, present and future RF sources which
might meet this requirement are considered.

Structute Parameters

We must first dispose of the question of traveling
wave vs standing wave structures. For a standing wave
structure, there is an upaveidable less in efficiency
due to reflocted power during f1lling. For an uimodu-
lated (flat~tov) incident klyacron pulse, the besc one
can do is to transfer B1% of tha en2rgy in rhe pulse
into energy stored in the structure.* Furth e, the
pa-ameter v/Q which, as will be showum later, deterxines
the efficloncy for couversisn af stored energy imto
acceleracing gradient, 1s uiually lower for atanding
wave structures. For those reasone ve consider only
traveling vave structures héte, although a parallel
analysis could read?ly be made for the standing vave
case. Following aye some tyavdling wave structure param-
eters which are important for the design of a collider.
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Biding Time T¢ = L,/v,. where L; is the struc-
cure langth per fsed and vg 15 the group valoeity.

ten! on Parameter v = ulg/2vgQ % Te/Typs
whare w is the RF angular frequency, Q !! the un!olded
Q of & shorted rescnant seccion of structure and Tgp
2Q/w 4» tha unloaded filling time of such a short 5
section. Note that t acales with frequsncy as «¥/2

Stwae_I ce per Unit th r. The acceleta-
ting gredient E; ar any point in the structure ip re-
lated to the power dissipation per unit lengeh in the
valls of the structure by E; = T dP/dr. Sinca €, uild
vary over the atructure length, we cen define an mr—
age gradient B, = Vgfl,, vhere V; is the voltage gained
n length Ly. "I terms of rhe peok klystron nower B
ve have

P
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Note that r varies with frequency as r ~ wifé,

The Parametet k,. defimed by Ef « 4w, vhece v,

is the stored encegy per unit l‘usthv ¥y s velated
to tha vatia r/Q by k, - {f4)ir/Q). 1t has wnits of
Vic/a or Rfe/w. The mngz gradient over length Ly is

!= - “0“&“5

= (o2 = (oin

vhere w, is the energy in the klystron pulse por wnit
lengeh and ny 18 the structure efﬂ.elane! kg has a
Btrong dlplndonu on frequency: k, ~ U Ve can de—
Iine & normalized peck power per ungt hnu!- by P
Fie/(Lyrfd) = 1/£(1), The functio.s P, and n, are”
ploteed !n Fig. 1. The figure shows the 1n=eapn:1htuu
between minieus paak pover requirement and good struc-
ture efficiency. The best comprosig¢e 1 given by & 1
in the range 0.3-0.4.
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¥ig. 1. Structure efficiency and
aotaslized peak pover per unit length
83 & function cf the attenuation
paTZERter T.

Mg_g’[_g.. vhere £, is the pesk wlectric
f1eld ra the surface of the atrx The

attainable gradisnt is presumably u-uu by breakdowm
efferts Instiated hy electric fields at the surface of
the ste » The breskd fie)d ot the syrfsce may
be & functfon of froquency, pulse length and tha de-
tailed phyutul and chemical surface propercies, A low
ratio £ l ia opvicusly desirable, but may not be the
cen:rolhu factor. For the SLAC dis) ~loaded structure,
£,/E, = 2.1, This structure has hoan teated in &
:uvtun; wvave resonant ring to E, = 40 MV/m without
breakdnm.f The maximum surface field vas therefore
sbout 89 MV/a vich no breahdown at an effeccive pulae
lcq:h on the order of 1 ua. Oun the othar hand, an
band standing wave side-coupled ot Eor & medical

1linac showed breakdown at £, = 74 Mi/m for a pulse
lengrh af 4 ta 5 ua.b A sharcer pulse length appears
to be helpful in increasing the breakdown limit, as
wight be expected. The valuec of E /E, cag ba lowersd
to about 1.6 in a disk~lpaded structure by propar disk
shaping and choice of mode.’ Si11l lower valves of
Eg/E, are posaible; s structure has becn developed® at
Varisn with ./, = 1.23, Note, finally, that the
breakdown field dwul.d increase with incresging {re-
quency. In viaw of the preceding facts, a gradiemt of
100 W/ doee wot saem unreasomable for very short pulse
lengths, peYhept at a frequency somevha: greater than
S-bend, pesuming almo that careful attention ia paid te
the detajle of structure gecmecry.

Higher-Order Modes. Higher—orde: long/tudins)

modes ave important for single-hunch bean Joadfns. To
compute these effects, it is useful ro introduce toe
concept ol the walie potential, or woke furgtion. If 4
point unfit charge {a sent along the axis of a tr welinp
wave structurs, it will {nleract with all modes raving
a phase valocity oyual to the particle veloclty v,
{ugunlly caken a8 vy ¥ ¢). The strength of the (nter.
action with_the n=th mode s character:zrd by the param-
eter kn ® €5/4v,, where Eq 15 tixe syn hronous axial
field and wq the enetgy pef unit lemmt:. The tatal wake
field seen at distance ct behing the walt exciti g
charge car be shown to be"

wt) = 2 % cosur
L b

vhere wy 16 the angular frequency of the ne-th oode. In
any practical ealculation of the wake funciior, a finjke
mrber of modes are computed aml an approximation is made
for the vary high frequoency oodzs. The wake function
computed® in thim mannor for the SLAC disk-1paded
structure {s shown in Fig. 2.
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Fig. 2. Longitudinal wake petential

pet cell for the SLAC disk-lvaded
strucecure.

It {s iwportant to know how the magnitude af the
wake varies as a function of the radius g of the bwan
aperture. For the SLAC stfucture ‘a=1.16 ¢a), @ cou-
putation of the ul.lu for varicus values of 3 shows? that
w(0) varies &3 a~1+69, Of coursz. the value of k, for
the fundamental mode wil) also decrease with incréasing
a. as shown iu Fig. ). HNear a=1.16, k; varles as
a0-86_ Thys the wake at t = 0 and the corfesponding
s'ngle-bunch bean loading effects decrzase {astrr with
increasing beam aprriure than does the fundseental mods
structute parameter ..

The Lransverse veflecrion wake must aluo be con-
sidered in the dasign of a collider.!? For dipole du~
flecting modes LN & atek=loided structure, the synehron«
ous E, fiuld component varies linearly with radius from
zevo 60 the axie ta En &t the radius of the bedn Aper-
ture. For sach mode an interaction parametar kg can br
defined as ip the linpitudinal case uning Eg = E at
r=a. If a ynit charge passes through the struetire at
radius ¥, the def llr.\.iﬂn uake at a distance ¢t buehiud
the charge ie givem by



Fig. 3. Structure patameter lr.o as a
tunction of heam sperture radius for
a disk-loaded structure for two values
of digk thickness t (t/i = 0.056 for
the SLAC struccure).

., (1) = (Zrlclaz) ; "\:”"n) efaw 1 .

with units of velits per cvvlosb per meter (ew./i gives
the transverse momentum kick per uwpit lenpth of travel
through the structure). For smui) v, the transverse
wake increases lirearly from zerv at t#0 with slope
U2ryc’a?V} k,. The transverse dipole wake is seen to
decrease mare rapldly wich incressing disk hole radius
tnan the longitudina. wake by an additiona) factor of
a”~. This dependence on g has beon varified for the
SLAC strucqure; compuiations’ show that th slopy wf
the dipele wake for T =L varies as 2"’ :*"
Promising btructures for Colliders

Sevoral different structures arc under investiga-
tion at SLAC which might have higher walues of r/Q {or
K3} than the disk-luaded stiucture for a given bean
apetture. Some of thes¢ structures are described and
1llustrated in Ref. 1)1. Of particular interest because
aof 1ts slaplicf{ty and becausc 1t has been che subfect
of the mo6t extensive pagt Teaaurcuenta 18 che jungle
gye scructure (a round pipe Joaded by pairs of trans-
verse bars having an aitermating vertical and horizamcal
aligndent). The group velocity of the jutigle gym &truc-
ture tends to be considerably higher than for the disk-
loided structure. Typlcally, vg/c ® 0,20 for the 1/2
wode {taking the periadic l-n‘tﬁ to be between adjacent
bar pairs), and ® 0.10 for the 1/3 mude. Table I com
pares the varaseters of geveral structures st three
freguencies of Intevest for a collider. Vajues of r,
kg Q and vglr for the n/i-mode jungle gym are scaled
from values measured!? ar 714 MM2 for & structure used
for several years as an RF cavity In the Cormell ayn-
chrotron. Values for the »/J-mode jungle gy are es:i-
mated [rom some old measuyrementa'’ made at the Stanford
Lniversity Miciowave Laboratvry. Bome of the newer
strTuctures being measured at BLAC appear to give similar
values for vo/c and ky for the n/3 mode.® The ¥, for
the disk-loasrd structure with a®),50 is obtained from
Fig. 3; wg/c 18 scaled ap a". The disk and washer
structure is shown for comparison. WNote that, although
the 9 and shunt impedance ave very high, the value of
ky is very low compared to the jungle gym,

RF_Puwct Requirements for a 300 » 300 GCaV Collider

Using the structure parapeters given In Table IT,
the unloaded RF power requiremwnts can bo astimated for
two 3-km iinacs operating at # predient of 100 Mv/m.
the ansume 1000 RF power pouvces spsced 6 m spart snd a
vepetitien vate of 200 Hz. The first column in Table
Il1 gives the klystran (0T powsr source) pulse length,
ansumed to he equal to the filling time. In the second

TABLE 11
Cowparison of Structure for a Coliider

T hd L’ tf
em/my ovpe/o) @ VES @) m) T
2856 iz
Disk~Loaded 56 19 13,30 .012 3 .83 .57
{a=1.16 cm)
Disk-Loaded 48 18 13,000 .035 & .57 .40
{a=1.50 ecn)
pisk and Washer 76 11 32,000 == ~ e =
Jungle Gym (v/2) L] 25 9,000 .20 & .10 .10
Jungle Gym {x/3* 60 30 9.000 .10 & .20 ,20
4040 Mz
Jungle Gym (/2) 61 50 7,500 .20 & .10 .18
Jungle Cyn (w/3) LM 60 7,500 .10 & .20 .35
71 2
Jungle GCym (=/2) 72 100 6, .20 6 .10 .28
Jungle Gyr (n/3)  8$ 120 6,300 .10 6 .20 .57

TABLE I11

RF Power Requirements for a 3+3 W» Collider
with By = 100 MV/n

(Y a By PP o
(us) (3} LA S N T
2856 Mir
Disk-icaded ,8) 1320 .38 1600 2Mm
{a=1.16 cm)
Disk-Loaded .97 1340 .68 2350 275
(a=1.50 em)
Jungle Gym (~/2) .10 630 %1 6500 130
Jungle Gym (n/3) .20 620 .82 3100 126
4040 MH3
Jungle Gym (r/2) L0 335 .84 3400 67
Jungle Gym (v/3) .20 350 .71 1750 10
3712 Miz
Jungle Gym (x/2) .10 190 .76 190 38
Jungle Gyw {*/3) .20 210 .38 ‘050 42

columm, Il} = Lg¥, i the energy in the klystron pulse.
The efficiency for trenafer of energy from the RF source
pulse ru effective stored ener,y in the atructure 1s n..
The peak pover that each klystron of power souvce Bst
deliver is Py. The last colimn gives the average pover
per klyeeran, P, ond the total RF pover requirement,
Pror = 1000 Py. Note the expacted correlatfan between
high srructure efficjency and high peak power. The last
entry in the Table 15 clearly the wost favorable. The
total average RF power requirenent is lese than 50 MW,
and the peak powet per soutce s only 1 GW. But is the
stored energy adequate to accelerate the required charge
per burch? The energy required by each bunch per klys-
eron is 6eEgNy, = 10J, Thie is modest compared to the
fund al-mode stored ere.rgy of 210, and would indi-
cate an energy spread dus ¢o beam loading on the order
of 25X . However, higher-order modas also contribute to
beam loading snd to the energy spresd. These effects
are considered in the nmext saction.

Single~Bunch Beam Logding

An analytic expression which describea the SLAC
wake potential to an sccuracy of better than a few per-
cent for 0 < v < 50 ps 18

W = Aem[-(m®]
whete A= 7,92 V/pC/lcell » 75.5 ¥/pC/u, B=6.13 pa and
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nw0.605. The contritvtion ¢o the besm loading woltage
at cime ¢ due to & churge dq = I(t)dr &t cime 1 1a
wit-1) I(1) dr, The principle of causality for chargea
traveling <loss to the velocity of 1ight requires that
the wake vanish for x> t. In computing the besn lomding
voltcga, we naed only comsider contributions frem charge
elesents that are ahead in the bunch (earlier in cvime)
such thet T<t. Thus the totel single-bunch beam
loading voltage is

t
Eb(t) - fll(t-r) T(r) dv .

Plces of chis expression usiug the SLAC wake function
and a Gaussien bonch I(z) = expf=t?c2/20] are shoun 1o
Fig. & for thres bunch lengthe. Fote that the amplitude
of the oeam loading voltege depends strongly on bunch
length, and that pesk voltage occurs well behind (r>0)
tha banch canter.

Tcax

Py Yomm

S

Fig. 4. Bingle=bunch bear losding
voltage for the SLAC digk-leoaded
struccurs for thras values of bunch
length,

The total energy gain per unit length In the pre-
sence of yn external wF accalerating gradient cam be
nbtnined by superposition:

LRty = !.[mn (e =8) - Bh(:)n:.] .

where ¢ 45 the phase angle of the bunch center with
respect to the crear (8>0 iy ahead of the crest). The
average enetgy gain per particle iu a bunch with charge
q = ey 1

-
L {fmnmn .

The besn efficiency (rario of enargy gained by the beam
to the stored energy psy unit length) is

P uubt,,i U:Hb

Finally, we sust consider the ¢octRy dpreed within
the bunch dun to single-bunch besm losding. The actual
energy distribution function dN/JE can be quite complex,
and there 18 not space t0 digplay these functions in
detail here. The width of this distribution can be
ainimiged by adjusting the phase ‘e 8. In Fig. 5
this optizum phase angle i3 shown as a function of the
number of parcicles per bunch for three bunch lengths
and two RF frequencies, The wake for the SLAC disk-
loaded atructurs is sgain used (this is the only struc-
ture that in at present amensble to an &nalytic calcu-
lation of the wake), and an unloaded gradient of 100
HV/m is asswsd. The enelgy epread at the apcimum phasa
angle is showm in Fig, 6. The energy spread is derined
wach that 90% of the mucur sre contained withio this
widrh. Sote that for Wy = 1090, the anergy spread is
less than 7% for #1l capes except gy =2 wm at 5712 Miz.
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FPig. 5. Phase angle vhich ninimizes the single-
bunch beam loading emergy spread as @ function of
particles per bunch for B, = 100 MV/e.
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Fig- 6. Mintmm energy spread as a function
of marticles pet bunch.

As the nusher of particles per bunch lncreases,

*he phoce anRle €& {ncreasen and the avarage enpyRy Bain
per_particle will decreasx. This 1s shown ip Fig. 7.
As E falls belaw about 0.9 E,, it might ba desirable to
work with € closer to the crest and atcept an energy
spread which ie somewhat larger than the minimum. Many
such trade-offs are possiblz which cannot be described
in detail here.

Finally, the bean efficiency as a function of
particles per punch is shown in Fig. 8. Becavee we heve
chosen a very high gradient, the efficiency i1 quite low,
about 1T, for M, = i0!! at 2856 MMz. The afficiency
increases to about 4% at 5712 Mis.

The preceding vesults are sumarized in Table IV
for our standard collider conditicnst E; = 100 MV/n,

Ny = 10'}, 0, = 1,0 em. A #/3-mode fungle gys structure
ie assumed. W2 can extrapolate from the computed rcsults
for a disk-loadud structure to the jumgle gym structure

- -
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Fig. 7. Normalized energvy as a function of parti-
cles per bunch at minimum energy $pread.
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Fig. 8. Beam effliciency as a function of
particles per bunch at minlmum epergy spread.

TABLE IV

Singla~Bunch Cellider Parameters at Three Frequencies

Frequency e 9% = 4E/Eq
n E/E
oMy e P (m) e a (%)
2856 101 .82 A2 1.5 98 0.6
4040 58 7 L3] 3.6 955 1.2
3712 15 .58 20 7.1 .92 2.2

uring the differencce in stored energy per unit leagth.
Taring "s("c)""e.(m-) T % = 047, the values of AEfE, in
Table 1V have been scaled from Fig. 6 in proportion to
x'”j s while E/E; has been scaled from Fig. 7 using
1-x"32. The efficiency scales asg x~!,

Bunch Trains
1: 1a posslble to improve the effective luminoaity

and bean efficiency of a collider by accelerating traine
of bunches spaced apart by about ten wavelengths or more.

At this bunch spacing, higher modes have effectively
decohered, and for each following bunch omnly the super-
position of the fundamental beam loading voltaeges from
those punches which have already passed through the
structure need be considered., Snccessive bynches can
be directed, using fasr kickers, to different interac-
tion regions. This allows 3 mumber of experiments to
be run in parallel, although at successively lower
energles for each successive bunch.

The long-range fundemenral-mode wake per bunch is
AEqg = 2k;q = ZeNyk,. The average emergy of the o-th
bunch is therefore

_ ~ E, L1
E(a) - El - (n—l}AED - EB E—n‘ ~ {n-1) ?a- .

The efficiency for m bunches is, using q/ws - ZAEO/Ea'

= s (E AE
- LY Em) =2 2Ll _ 0
() e ? E(n) = 2= E, [Ea "T)- 3 .

a

Results for a train of four bunches wirh N, = 1011,
assuming a */3-mode jungle gym struceure at E; = 100 HV/m
are given in Tebie V, Note that the heam effgc:l.ency is
quite reasonable at the two highsr frequencies, while

the energy of the fourth bunch is still an acceptable
fraction of the unloaded energy. For convenience, the
peak power per klystron (source) and the total average

power is repeated from Table III.

TABLE V
Collider Parameters for a Train of Four Bunches

a

Frequency nb(L) E(u)/E Ptnt 1’k
(Mz) (n Voew o
2856 7.6 .95 120 7100
4040 14.2 .90 70 4700
STi2 26.5 .805 42 1050

Power Sources

Ac we have geen from previous sections, & peak
power {n the range ! to 3 GW {n the frequency range
5712 to 285¢ MHz ts Tequired to attain a gradient of
100 MV/w in accelerating structures which seeo promising
for a linac-colllding. The required pulse length is
about 200 ns. In Table V1 scme present and potentisl
power sources are listed whirh might meet this require-
ment .

The first row gives approximate parameters for s
conventional klystron now under consideration!“ at SLAC.
The pulse length of this device (1 us) 1s longer than
required for our present application, but of course the
peak power i5 toc low. A 1 GW peak power klystron ag
3.35 GHz with a very short pulse lemgth (~15 ns) has
been built by Varian, but the tube failed before it
could be teated to full power and the development has
not been pursued farther.!5 A more promising method for
extending the power capability of n conventionsl klys-
itron has becn suggested by Lebssqz. By pla.ing seven
cathodes and beams within the same vacuum ervelope,
arrarged in p hexagonal manner saround a central beao,
the power output could be increased to the level of | OW.
The cost and focusing power requirements of such @ tube
vould be considerably less than seven timea that of @
single unit. The MEQATRON, proposed by Maschke,!? also
employs & multiple-bean ar:ay (using electrostatic
focusing) to achizve a high net perveance. Although no
tube of this Lype has yet been designed at the required
peak power level, the basic concept meems prowisiung.

A very high peak power output (500 MW at 3.2 GHz
and 10 ms pulse length) has been obtained frow 8 coaxial
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TABLE VI
High Power Pulsed BP Hourcas

Mic o~ Beaw Bean Beam Estimated RF
Parveance Voltage Currenmt wped Efficd Power
(1078A/93/2) (v () )] ™ an)
Conventional Klystron 2 450 0.6 750 55 150
Multiple Bamn Rlystrin 7x2 450 4.2 110 55 1050
Crossed=Field Amplifier 13 600 6.0 100 50 1800
Photocathode Davice A 10 &00 4.6 130 63 1800
Photocathode Device B 10 1000 10.0 100 75 7500
magnetron,1® The bean paraneters and potential power method is showm in Fig. 10, Detailed exprassions for

output at 50% efficisncy are given in the third rov of
Table Vi. Although the device as constructed ie san
oscillator, it might ueil be possible to produce an
axplifier counterpart.

The final two rows in Table V1 repredent s possible
new concept for a high pesk power microwave device. The
<oncept is 11lustrated ia Fig. 9. A photocathode ia
11luminated by & laser modulated at s wicrovave fre-
quency. Bunches of alectrons emitted during the peaks
of the laser {llumination sve accelarated to high volt-
age and at the same ¢ime cowpressed in lateral dimen—
sigus ta & sufficiencly smsll fraction of en RF wave-
lengeh for good coupling ¢o the fialds ia an RF gutput
cavity. Because the electrons are emitted in bunches
from the cathode, the long drift length required by a
klystron for bunching at relativistic velocities is
eliminated. By smitting the bunches at low density from
# cathode with & large ares, then compraseing the beam
laterally after the electrons heve attained a high velo-
city, the effects of longitudinal and transverse space
charge def. ing are vaduced. Tha concept of a photo-
cathode microwave deviea has been under study by a
groupl? az SLAC, The device has been proposed independ-
ently by R. 0. Hunter of Western Research Corporation.2?
In particular, Hunter intrvduced tha ides of lateral
coppreasion sfter emisnion st low density to reduce
space charge effects.
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nicrowave devics.

Ene 8 nd Switehd

Anoth hod for obtasning very high peak pulsed
powex 18 by storing the enargy from a kiystron pulse
over # ralatively long period ir a high Q resonater,
then switching the stored ensrgy out zapidly in about
the f1lling tima of the strusture. A ochmmatic of the
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Pulse compression by energy storage

®ig. 10.
and switching.

the efficiency of energy transfer betwsan the klystron
pulse and storage cevity ate given in Ref. 21 and are
sunmarized in the Appandix. As an example, consider an
80 MW peak power klystron with a pulse length of &4 us.

A copper energy storage cavity with s vadius of 30 cm
vould have an unloaded TE-mode Q_ of J.4%10% ap 5712
M2, Enetgy can be transfarved fo the eavity with an
efficiency of 672, and from the cavity to two w/3-mode
Jungle gym structures 3 @ in length (¢ =0.28) with an
efficiency of 58%. Thus the stored anergy per uait
length 18 21 J/m, the unloaded gradient is 100 MV/m, and
the total energy of a 3-km accelevator is 300 Gev, By
doubling the pulse length to 8 us, the gradieant {pcreas-
es to 133 M¥/o and the total emergy to 400 GeV. This,
of course, assumes an idaal svitch and ignores breakdosm
Hmitations. Figure 11 shous the energy as » functlion
of klystron pulse length for two frequencies and klystron
peak power levels. Note that the unloaded Q of a
opherical resonator in 8 TE wode iz just the radius di-
vided by the skin depth.

The iden of energy storage and awitching was imtzo-
duced by Birx, Dick, Little, Mercereau and Scalaplna.?2
The critical coaponent in the technique i the switch.
Birx and Scalapino?? degcribe an elecceon bess switch
and show that an electron density of at least 1032/cm?
is ded ta prod an adequate ehort. A low prassure
gas discharge awicch has eubsequently been developed st

Llivarnore Laborstory; a pesk powar of 160 MW
has been swirched at S-band ysing a shorted lengeh of
S-band guide as a cavity.?" With an adequate
development effort, enatgy storaye with fast switching
could previde an alternative means to attain the peak
pouer required to dr!ve a high energy collider.

Appendix

Let T = 2Q /w be the unloaded filling time for an
energy atofage civity, T, the klystron pulse length, 8,
the input cavity coupling coefficient and @ ¢ the output
eoupling coefficient with the switch off. Bcfine
v u (148,48, vhers L 'I‘PI'IO. Then the efficiency

=



400 T 7 T Lt =

/
J 5712 MMz
0c= 340,000

00 !

205€ ‘Mz -
0.:240,000

{Gevi

y a0
a
]
z
wl
J
100 -
— 40 MW Riyttrons
e G0 MW Kiyairong A
o L. Lo H [
[+ ] ' L] on 25

' FULSE LENGTH  (uae) .
Fig. J1. Energy asz a function of pulse length for

8 3~km ancelerator using energy storage and
switching.

for the transfer of energy from the klystron pulse to
the storage cavity is (see Ref. 21 for details),
7S B e L -
«© » 1+ Bl + ’20

By adjuating 8,, the efficiency can be optimized for a
glvan value of u,. In the limit p, << I, the saximun
efficiency m-oa:hes 81.5%. The maximus efficiency as
a function of 1, is shown by the top corve in Fig. A-1
{1« 0, Vg * uy)-

e perd

camey
.

MAvIE W ice

Fig, A-l. Manimum energy transfer efficienay vs v,.

Next, we give ihe efficiency for trangfer of ener-
gy from the cavity to the structure (agein see Ref. 2!
l'or a detailed derivation). Define T, = L./v‘.
= Tg/Tg and v = v (1 + §) + 82) where By 18 the out-

put cavity coupling coefficient with che gwith un. Then

2
2“5-1_.-\!!
Ty © "T+8, +8, *

(-1t 1 * By

ing a t {mped structure. Again. the
efficiency cas be naximized for a given v, and 1. The
maximum efflciency 18 plotted in Fig. A-1 ap 8 funetion
of v, for various values of t.
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