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The electron beams required nowadays for nuclear research must
offer high intensity in a narrow energy bin at high duty cycle. In order
to get these characteristics within cost limits consistent with University
budgets, we decided for a machine long since proposed (in more or
less detail)®~" but newer yet built: a recycled linac or linac-powered
race-track microtron, consisting essentially of a linac section placed bet-
ween two constant-field magnets so as to drive the electrons through n

cotangential race-track orbits (Fig. 1).
The system is a transformer multiplying by n the rated energy of

the linac and dividing by n its rated current; dut, moreover, the recyc-

ling magnets endow the linac with a strong phase focusing, analyzing
the beam at each turn, so that the machine yields the energy of a n-

section linac with a much betier spectrum. This spectrum compaction is
not obtained by simply throwing away part of the electrons against
energy~defining slits, but by keeping them all fo oscillate very close to
a “synchronous” value of the accelerating voltage, AV==NABc/2n**,
determined by the magnetic field ane independent of the external or
internal fluctuations of the linac peak voltage AV,. Therefore, in princi-
ple, with a well-centered injection bunch the whole rf power transfered
to the beam is spent on the utilized electrons, which fact, added to the
drastic reduction in copper losses with respect to a n-section linac, ma-

* The work group is now composed by D. Barbepo, M. Cambiaghi, M. Conle
M. De. Mutti, A. Gigli, B. Gonella, A. Ivaldi, R. Malvano, E. Mancinl, G. Manuzio,
F. Orlandino, V. Pasino, M. Pilo, T. Pinelli R. Rabagliati, L. Racca, S. Rebola, A, Stri-
gazzi. o

*#* r=rf wavelength; N=differential harmonic number, the harmonic number of
the nth orbit being given by Np=N,+nN.
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kes for installation and operation costs much lower than those required
by a beam with the same energy and current within the given narrow
energy bin, obtained with a conventional linac and its analyzing mag-
net. Indeed, the efficiency of the rf power transfer to precise output
beams may be measured by the average input rf power required per
unit average beam power within a 0.1%, energy bin; this figure is 56—
65 for the design data of the MIT linac®, while a sample computation
with tentative parameters for our machine (with out altempts to optimi-
zation and beam loading compensation) ylelds a value 16, which (we
think) will be reduced to about 8, in view of the results of other sample
computations®. Another figure of merit is the beam power lost on the
energy-defining slits per unit of beam power within a 0.19, energy
bin, which is a measure of the high-energy background at the entrance
of the beam transport system: this is 7 for the quoted data on the MIT
linac and 0.5 for our sample computation, and we think it can be stiil
reduced to the level of the low-energy background of the machine

The parametrs of the machine are not yet definitely decided: we
are thinking to an output of about 500 MeV, with average useful beam
power of 10—20 kW at 3%, duty cycle, to be reached in 25—30 orbits
with a magnetic field of about 1.5 Wb/m? an injection energy of 12—
20 MeV, and a gain per turn of 15—20 MeV, obtained with two con-
ventional L-band linac sections excited with two 75-kW klystrons, The
duty cycle is limited by the cooling system and the available klystron
power; of course a superconductiong linac ould yield unit duty cycle,
but we decided to stick to conventional structures and aim at lower
values, because the development of a criogenic linac can be tackied
with only in a technological clmate, as highly sophisticated as in the
"USA. We choose an external high-energy injection in order to exploit
the higher beam-loading tolerance that seems allowed for work at N=1
(a low-energy Injection is possible only with N =2) and to make avai-
lable the injection linac (casily overdesigned) as an independent tool
for extra-nuclear research, since interdisciplinary activities are highly.
desirable in a University Laboratory.

The design of the machine does not call for major physical or tech-
nological breakthroughs: it is not matter of a new acceleration method
as much as of a new optimal arrangement of well-known devices. The main
design problem consists in determining the focusing parameters in space
and phase, where many questions reguire particular attention since the
adiabatic conditions no longer obtain, which in conventional cyclic ma-
chines allow to write differential linearized equations. \

A number of focusing devices (edges and Juadrupoles) may be
used on each orbit to achieve spatial focusing. On the basis of the si-
milar and simpler synchrotron beam stability problem we worked a ge-
neralization suitable to our case, obtaining betatron beam oscillations of
limited extent (Fig. 2). Requirements on the one-turn transfer matrices
to get a first-order separation between the spatial and the phase focusing
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problems were also imposed. First order computer calculations show
that the spatial focusing is achieved with (quadrupole gradients lower
than 300 Gauss/cm and with edge angles smaller than 20°. Tolerances
of the order of 0.5%; on all the calculated values are possible.

For the phase focusing, the first problem is to find size and posi-
tion of the injection buckets, i. e. the range of phase and energy within
which an electron must Dbe injected in order to get, through the n or-
bits, a gain-perturn close enough to AV not to be stopped by the ener-
gy-defining slits on the magnet edges; these buckets are found to be
different in size and shape at different values of the ,synchronous pha-
se”” og=sin"}(AV,/yV,) of the accelerating voltage, and to overlap only
partially (Fig. 3) (a behaviour quite unlike that offered.by conventional
.adiabatic’” machines); as ¢, changes during the acceleration, owing to
the variations of AV, caused by the power fluctuations and the beam
foad, the useful injection bunch must be limited to the overlapping por-
tion of the bucke}s corresponding to a given excursion of AV, i. e, to a
given beam load in presence of given external fluctuations. First results
show that injection at bunches N=15° wide, with fair to large energy
tolerance, can be accelerated without losses through AV, excursion al-
lowing for a substantial beam load (the higher the injection precision, .
the higher the allowed beam power); at N==2 the buckets overlap only
for small variations of AV, and to such a limited extent that only 2°—3°
injection bunches can be accomodated (Fig. 4)*. With the wide energy-
defining slits used in this sample computation, the energy spread of the
whole accelerated bunch, jittering through the whole injection tolerance,
keeps within 4-0 - 07—0 - 12%,. One can reasonably expect still better
values with optimized parameters and an external compensation of the
beam-loading build-up during the machine filling time.

Some interesting interface problems are yet to be solved, but they
are well defined and present at first approximation a comfortabie mar-

gin of safety.
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Table 1

Efficiency comparison between multisection linacs and linac-powerd
race-track microtrons

LINA COMPUTATION ON
s MICROTRONS
Machine: - -
Wik Wilson (N. W. #)
Saclay MIT) 3) Italy
Mode A B A B A B
Energy at full load, MeV 500 340 396 198 414 595 500
Duty cycle % 1 2 1,8 5,8 3 6 3
Klystrons: n°X KWave 1555 | 10X80 1065 [2X75 2X300 | 2X75
Total average rf power input 825 800 650 150 600 150
Beam total output average power 100 114 80 18 60 14
Energy bin % 1 04 0,4 0,1 0,1 0,15
Fraction of beam in the energy bin %| 50 50 50 100 100 10
Input rf power per unit beam power
within 0,1 % energy bin 165} 5 65 8,33 10 16
Beam power dissipated on the anal-
yzing slit:
for the design bin 50 57 40 _— = —
for a 0.1% bin 95 100 70 — — —
Beam power dissipated on the anal-
yzing slit per unit beam power
within 0. 1 % energy bin 19 7 7 _ = 0,5
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Fig. 1. Schematic Layout.

*) First computations, wlthout optimization nor beam-loading compensation,
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AUCKYCCHUA

BenosuHueB: EBompoc k YmxoBy u A-py Xaucowy. [IpeaycmatpuBaeTcs pH
BO3MOKHOCTh DEryJaupoBKH (a3bl MPOXOMAEHHS 3NEKTPOHOB Uepe3 JNHHEHHHH yCKODHTETb
Ha UepBbIX OpOHTax? )

YukoB: Huxakoil peryniupoBku nas ¢as3osoro apeiipa Her, xoTs e& Jerko cie-
1aTh B clydyae HeOOXOIHMOCTH. v

Hanson: For an energy of 20 to 30 MeV it is not necessary to make adjust-
ments of the phases at individual orbits. Below this energy some adjustment of the
separation between magnet or in the length of the low energy return paths will be
necessary.

Cupopenko: Bonpoc k x-py XaHcoHy. Jlonyckaercs JH BO3MOXHOCTh ROTepb Ny4Ka
Ha auadparmMax CBEPXNPOBONSIIEr0 yCKOpHTeHs?

Hanson: We expect to have very small beam losses in the superconducting
accelerator section. The largest deviation from the axes are. calculated to be about
0,5 cm while the smallest aperture in the accelerator section wifl have a radius of
1,3 cm.

Yuwos: Bonpoc x 1-py Xaucony. KaxkoBa TeXHOMOrHs HHOGHEBHIX PE30HATOPOB?

Hanson: The technology for the fabrication of the superconducting sections
{s that which has been developed at Stanford Universty and will be discussed in
another paper. :

Haimson: 1 have a general question egarding the superconducting microtron
projects. All the discussions and the calculations shown to date have been associated
with steady-state operation. Have any numerical analyses been conducted on the
transient beam loading effects of long accelerating structures in relation to the
multiple orbit build-up, and secondly, have the effects of possible small transverse
beam displacement due to BBU (beam break-up) been studied? I see here several
people from Stanford. They can answer this question.

Suelzle: Transient beam loading should not be a problem in this case since
one can use feedback to stabilize the amplitude and phase of the fields in the accel-
erating structure. At Stanford University during tests on a  lead-plated accelerator
with amplitude and phase feedback control the transient beam loading effect was less
than 0,1% amplitude change. No beam instabilities were observed during the tran-
sient build up period nor at any other time.

MovemnnkoB: Bonpoc Ko BceM Tpem pokaanumkaM. Korna Be Hazeerech yBHAETD
CBOM TPOEKTHl OCYILECTBACHHBIMH? _

Hanson: We are now constructing one of the two linac section which
should be completed early next year. We have not received money for the complete
facility. If funds become available soon we could have  the microtron operating
in 1971. ‘
Yuon: Takywo MallMHY MOXHO [OCTPOHTH 3a 2,5—3 roja.

Gonella: The funds for the whole project, which also requires building a
new laboratory, are allocated in the 1970-74 Five-Year Plan of the INFN, but we do
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not know when they wiil be available, because this plan has not yet been examined by
the Governement. We are thinking of a three-step construction schidule: first we
shall test the low orbits with small end-magnets, exiting the two linac sections with
one klystron at low duty cycle; then adjust the full magnetic system at low duty
cycle; finally assemble the full power, high duty cycle klystron units. .

I'pumaen: B auneliHbIX YCKOPHTEASX MOMKHO NETKO H3MEHATH 3UCPIHMI0O TyuKa my-
TEM H3MelIeHHs KOAMUECTBA YCKOPSIOWHX CeKIHH H PEerymipoBaHHEM YCKOPAIOLWIEro Har-
psixenusi, KakuMm 0o6pa3oM 370 GyneT oCcyLlecTBJAATbCA B 00CYXKNAEMbIX NPOEKTaX?

Gonella: The beam energy can be varied either by changing together the
linac voltages and the magnetic fields, or by extracting from different orbits with a
sliding magnet (in which case the beam power may be held constant); if the coor-
dinated variation of the voltages and fields were found out to. be too critical, one
might fix a few set values for them, and use for the fine variations between the
energies of successive orbits a “post acceleration” linac (fig. 1) excited with the
residual 1. f. power of the injector. : -

Kanuupa: §1 npennaraio npousBecT CPJABHEHHE 3THX TPEX NPOEKTOB peHCTPEK MUK~
POTPOHOB MeN(y COOOH M € JHHEHHBIMH YCKOPHTEJfAaH.

. Moo- Kosduuenr
pelH. HCHOAB30-
, CrouMocTh MJH. Xpoma-
Yckopureanb )
. oy MOHIH. neprus Mss trunocTs | BAUHS pa-
XBT AEJE Gouero Bpe-
) MeHH
JluneiiHbli yCKOpHTEND
MTHU 6 100 400 0,5% 1,8%
(Maxcum
. 6,5%)
JInHeltHu#l yckopure- :
ab B Cakae 8 100 500 (npu 0,5% 1—-2%
HMOYABCHOM
HWranpanckufl npcekt ‘ . Toke 20 Ma)
pelicTpek MHKpOT-
poHna . 20 500 0,1% 3%
VinauHOKCKHE NPOEKT 2 6 600 0,01% 109
[poekr JI®TU 3 MaH, py6. 250 400 0,05% 109
(BKA. 31aHKE U ’
¢dusnueckoe
060pyAoBaH.)
JlunelHblil yckopure- 10%
ab B AmcTeplame (250 M3B)
(npoekr) 6 100 | 500 0,3% 2,5%
(501M>a8)

Haimson: The cost is not the only important issue since the initial require-
ments for a given facility must depend principally on the ’‘intended physics program.
It seems that the expenditure of a large sum of money to obtain a medium energy
machine with low beam power capability only is hardly justifiable when planning a
flexible, brood front experimental facility. This is especially the case today, the
increasing interest in future meson physics programs is quite evident. Of the various
microtron proposals discussed here it seems that the Leningrad proposal is the only
one with a beam power comparable to the high duty cycle linacs. However, it is not
clear how the necessary temperature-phase stability is to be -maintained with 100 KW
average RF power dissipated in the waveguide,
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Yuwos: B namem npoekte yckopuTeas npenycMaTpuBaercs Goapmolt TOk (cpea-
HHH) NpH Manoi CKBAXHOCTH HMMYyJAbCOB. MMMyJdtcHBI HUPKYJAHPYWOLMHE TOK € NAHTENdh-
HOCTBIO HMIIYAbCa 15 MKCEK, CJAOXKEHNBIH M3 CrYCTKOB 3JEKTPOHOB oT Bcex 30 op6uTt
paBen 200 Ma. Boaee 709/, 3TOro Toka COCTaBJARIOT 3AEKTPCHH C 3HeprHelt or 100 1o
400 Msg. Jlanna yckopfiomeli CTPYKTYpH C NOCTOAHHWM rpalHeHTOM -2M, A=25 cM
M3BeCTHO, 1TO B KOPOTKHX CTPYKTYpax MOAYYAIOT HMUYIbCHbIE TOKH R0 33 C IJHTENb-
HOCTbIo uMny/abca 10 mxcek. Takwe Tokm 6Ge3 pa3Bajna myyka mnoJayuaeT, B 4YaCTHOCTH,
A-p XaiiMmcon Ha 3ToM OCHOBaHHH Hall MMAYJAbCHHWH TOK MOKHO CYHTATh MaabiM, T. €.
He npuBoiAmHM K 3ddexTy passana nyuxa. B npoexte 3ajdoxeH “TawedbH, TENMnoBOM
PexHM PpaGoTH CTPYKTYPH, B CTEHKaX xoTtopo# Oynet suiaeastrcs okoao 100 kBT Tem-
aa, OiHaKo, HAC onfATh-TaKK BROXHOBAfIOT paborhbl A-pa Xaiimcona. B MUT oT cTpyxrypu
otBOAAT 30 KBT TeMmJa M JOCTHralT cTabHAbHOCTH Temnepatypnl 0,1°C npu MaloM uame-
HeHHH (a30BOH CKOPOCTH BOAHBI HAa JAHHE CTPYKTYpH B Hamem yckopurteae Her Heob-
XOJHMOCTH YCTAH4BJAHBATh ORHHAKOBYI0 (a30BYI0 CKOPOCTb BOJAHLI 110 JJAWHE CTPYKTYPH
Tak Kak ycroduuBoe (a3oroe NBHXEHHE XOCTHraercs ayTeM noabopa AjiHH OPOGHT 3aeK-
TpoHOB. KpoMme TOro, HaM Heo6XoXHMO o6GecrneynBaTh CTAOHABHOCTL TeMIepaTypnl C TO {-
Hoctbio He 0,1°C, a okxoao 1°C.

Gonella: We do not think of our machine as a meson factory. For the
physics we aim to do the power level inticated is more than plenty. Certainly a
machine of our type cannot compete with a multisection linac in total beam power,
but when a very narrow energy spread is desired, we think it better to recycle
the linac and enjoy the benefits of the phase focusing rather than waste expensive
beam power on energy-defining slits. ‘\

C. de Vries: I would like to make some comments on the problem dealing
with linear accelerators versus racetrack-microtrons, First | would like to point out
that the prime motivation for any type of machine should come from the physicists.
As | mentioned before in Amsterdam we have turned in a proposal for a MIT-type
accelerator. Our motivation is to nuclear physics with electrons and the secondary
n-and p-beams coincidence type experiments. | believe that an energy resolution of
one part in 103 as possible with modern linacs is highly satisfactory. Moreover if one
likes to do the very high resolution typé of experiments for which energy spreads of
1:104 are needed, one can either use slits to improve the energy spread of the
accelerator beam or still better apply an energy-loss spectrometer like planned at
MIT. In the latter case one has the additional advantage of spreading the primary
beam in an energy-position correlated may over the target, which reduces the heating
problem, Obviously for the use of the secondary beams, the energy spread of the
initial beam is completely indifferent, but one needs high beam power. Linacs are
likely to be the better machines in this respect. According to me the sole but impor-

"tant reason for racetrack microtrons is the first column, where comparison is made of
the different budgets.

Finally I would like to point out that the excellent performans of the Saclay
machine and the design studies made at MIT, makes it very clear that, at least at
present, the risk involved in the construction of the racetrack microtrons is higher
than for the linacs.

Haimson: Since my work has been quoted I weuld like to classify several
points regarding beam break-up and waveguide dissipation. Firstly, the 2,56 a peak
current, 8 psec pulse operation mentioned above was achieved with quite different
design parameters than those quoted for the Leningrad microtron waveguide. For
example, two short 2856 MHz waveguides (the first a buncher and the second a vp=c
section) were used compared to the proposal single section 1200 MHz waveguide.
Also, the guides were specifically designed to supress BBU and a much higher
electric field strength was used than that proposed for the microtron. The transmis-
sfon of only 200 mA (15 psec pulses) through a 2 meter 1200 MHz waveguide can
readily be achieved, however, by suitably varying the impedance of the structure. It
seems to me that a major problem for the microtron project is the effect of high
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dissipation in the structure and the sensitive relatlonship between temperature of the
cavities and the integrated phase shift through the structure. It is true that up to 30
kW of average dissipation occurs in the MIT short waveguide structures but these
are provided with 0,19C sensitive -automatic temperature-phase control systems. In
addition, the seriousness of loss of phase during initial tuning in a linear array of
multiple waveguides is not as great as when using a single section with phase de-
pendent re-cycling, since in the case of the linac the beam still traverses the entire
machine can be readily analysed and re-phased. I feel that the temperature-phase
control problem is very important for the success of the Leningrad microtron proposal
and would recommend that the phase fulcrum point on the waveguide be temperature
controlled within a 0,2°C bin. This then will automatically take into account beam
loading effects.

Gonella: The phase shift between the electron and the travelling wave does
not matter too much as long as the total accelerating voltage does not go too far
from the synchronous value. The phase focusing provided by the recycle magnet is
very strong: we found in simple computations that it can absorb quite easily phase
kicks of 15° at each passage through the linac. *

YnkoB: Heo6X01MMO CTPEMHMTBCA K MOILIHBIM NyuKaM ¢ GOJbUIMM xoatpqmuuemom
3aNOJHEHHs H Xopouiefi MOHOXpOMaTH4YHOCTblo. Hanpume;, mad HccaenoBaHH#t MarHuT-
ro paccesiH s 3JeKTPOHOB sapaMu (paccesinne Ha 180°) Hyxubl a3H~prun 400—600 Mss,
TOKH Goaee 100 Mxa u paspemaionias cnoeobHocTb 10—* [Ipu poXAeHHH T H p-ME3OHOB
MOHOXPOMAaTHYHOCTh He HYXHa, HYXHa Manas CKBaXHOCThb, YTO DO3BOJHT BHINOJAHATH
TaKHE 3KCNEPHMEHTbl, KOTODHIE Helb3fl OCYINECTBHTb Ha MAalHMHAaX ¢ GOJABIIOH CKBaX-
HOCTbI0. VIHTECHBHOCTh T H [»- ME30HOB HH3KHX IHEPrui Gyaer XOCTaTOYHO BETHKA.

Kanuua: O6cyxnaBmuecs 3jech NpoeKTh NPeACcTapifioT coboil RaibHelmee paa-
BHTHE MHKPOTOHOB. [IpH 3TOM TepsioTCS CCHOBHbBIE K14eCTBA, MNpPHCYLUHe OOBMYHOMY
MUKPOTPOHY, — OPOCTOTa H H3fuiecTBO. OJHAKO BO3MOXHOCTH, KOTOPHie MOLYT OTKPHI1b
3TH YCKOPHTENH, MPENCTABAAIOTCA OYeHb CYIECTBEHHbHIMH. TakHe YCKODHIEAHM MOTYT JaTh
HOBBIE MIEPCTNIEKTHBH A (H3HYECKHX HCCACNOBAHHH, HEKOTOpHE H3 3THX BO3MOXHOCTEH
cefuac eme naxe TPYAHO NPEABHAETH.



