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Summary 

Initial operating experience with the various 
high power sub-systems is discussed, and the results 
of electron beam tests at progressive stages of com- 
pletion of the linac are presented. A highly stable 
analyzed beam containing greater than 85% of the 
accelerated current has been demonstrated routinely 
using +O.ll% analyzing slits at both the 20 MeV and 
120 MeV stations. Of particular importance, espec- 
ially for beam transportation and future consider- 
ations of beam recirculation, has been the achieve- 
nent of an extremely low enittance. Beam measure- 
ments at the 20 MeV station have confirmed that 
essentially all of the accelerated current is con- 
tained within an emittance of 7+2x10e4 nmoc-cm; i.e., 
-0.2 nun mrad at 20 MeV. System checkout is currently 
in progress to bring the linac up to its maximum 
operating condition of 430 MeV at a duty factor of 
1.8 per cent. 

Introduction 

General Description of Linac System 

A detailed description of this high duty factor 
electron linear accelerator and its associated sub- 
systems ky2b;e; 

T 
resented in previously published 

reports, r'gs therefore, only a summary of the 
essential technical features will be given in this 
introduction. 

A schematic layout of the microwave distribution 
system, the injector linac, and the accelerator wave- 
guide arrangement is illustrated in Figure 1. Ten 
high power klystrons are paired into five groups, each 

pair being video driven from a common hard tube mod- 
ulator and RF driven from a cormon driver klystron. 
A highly stabilized master driver klystron is used to 
excite the five driver klystrons via a phase stabil- 
ized coaxial line. 

Ten rectangular waveguide networks are utilized 
to interconnect the high power klystrons to 24 accel- 
erator waveguide sections. The first klystron is 
reserved for the two series-connected sections of the 
injector linac; each of the following seven klystrons 
drive two waveguide sections; and each of the last 
two klystrons energize four accelerator sections. 
The use of quadruplexed waveguide sections at the end 
of the linac provided a satisfactory compromise 
between the technical desire to maximize beam energy 
and the economic requirement to minimize initial ex- 
penditure. This approach has an added attraction in 
that the machine can be up rated at a later date, 
without affecting the beam centerline components, by 
adding another transmitter and retrofitting a portion 
of the RWG network in the gallery. 

The 24 accelerator waveguide sections comprise a 
1.2 meter 7 MeV buncher section in RF series connec- 
tion with a 3.7 meter section, four 3.7 meter sections, 
and eighteen 7.35 meter sections. The waveguide 
sections are traveling wave disc-loaded 2~/3 mode, 
2856 MHz structures which have been divided into six 
groups of different microwave design, as shown in 
Figure 1 as AA, BB, A, B, C and D, in order to (a) 
provide a higher gradient at the beginning of the 
linac and (b) elevate the threshold of beam break-up 
instability well above the normal operating levels of 
the linac. 
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Fig. 1 Schematic Layout o f Beam Centerline .and ,iF Sy',tem 

*Nork performed under the ~~~uspices of the 5.S. Atoniz Eneqy Ccxuxissicn and the Ma:is;,-lchusetts; ;i:stitute of 
Ts-chroloqy . This xcelerator faclllty ~~1s formally nclrr.ed "The William i-I. Dates I.int!ar z'~ccelrrator' during the 
dedication cprcmony at Middleton, Massachusetts on April 7, 1972. 
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A view of the two-section 20 MeV injector linac, 
with its test spectrometer in the background, is 
shown in Figure 2; and a view of the completed beam 
centerline, looking toward the beam switchyard, is 
shown in Figure 3. The overall length of the linac 
beam centerline is 185 meters. 

The dual transmitter systems make use of direct 
series switched VA938 klystrons, each of which can be 
operated over a 4 to 1 dynamic range to provide 80 kW 
of average RF power at 4 NW peak and 65 kW at 1 MW 
peak. Each transmitter system comprises a 400 kVA 
voltage controller regulator, a 170 kV 6A transform- 
er-rectifier unit, two parallel 1 UF capacitor banks, 
a ball-gap crowbar and a large oil filled modulator 
tank containing a common hot deck, switch tubes and 
the klystron sockets. This direct switching concept, 
using high plate resistance switch tubes, has demon- 
strated5 an excellent performance with'less than 10 

Fig. 2 View of 20 MeV Injector Linac 

of RF phase variation over a 15 Usec pulse length at 
4 MW peak power and 1000 pps (with a 0.4O bin phase 
variation of saturating RF drive). Figure 4 is a view 
of one of the transmitter systems showing the capaci- 
tor banks and the modulator tank with klystrons. It 
can be noted that the RWG is provided with double 
cooling channels to minimize RF phase variations over 
a wide operational range of duty factor, and that an 
adjustable anchor support is used to prevent stress- 
ing the klystron and to facilitate its removal. A 
view of the klystron gallery housing the five dual 
transmitters is shown in Figure 5. 

With the klystrons operating at 4 MW peak power, 
the required performance specification for the overall 
linac2 is 150 J.IA of average current at 400 MeV and at 
a beam duty factor of 1.8%. i.e., a rated peak current 
of 8.4 mA. At a klystron level of 1 MW, and for the 
same average current, the rated beam energy is 200 MeV 

Fig. 4 Dual Transmitter System 

Fig. 3 View of Completed Beam Centerline Looking Toward the Beam Switchyard 
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at a beam duty factor of 5.8%. The performances of 
the individual sub-systems in meeting or exceeding the 
maximum duty factor requirements have been presented 
in previous reports, e.g., RF driver, 1 iniection svs- , . 
tem4 and high power transmitter.5 

Fig. 6 lirst Accelerated Beam at the IYiddleton 
Facility (7.1 MeV, 10 mA, 14 ~.lsec) 

Fig. 5 View of Klystron Gallery 

Initial Beam Performance 

Plans for the initial beam test program included 
a careful evaluation of the characteristics of the in- 
jected beam at the 20 MeV level and a series of beam 
measurements at the 120 MeV station using 4 klystrons 
energized from the first two dual modulators. It was 
also planned that, during the 120 MeV test program, 
RF phase information obtained from beam loading under 
actual operating conditions would be used to finalize 
the RF phase tuning of the RWG networks, and that a 
study of machine performance would be made under con- 
ditions of back phasing and drifting of the beam. 

The first opportunity to demonstrate an acceler- 
ated beam at Middleton occurred in September, 1971 
when, immediately after completion of installation of 
the injector linac 1.2 meter buncher waveguide, a 
short series of beam tests was performed. (This oc- 
curred prior to installing the second waveguide sec- 
tion which was required in order to commence the main 
20 MeV beam test PrOgram.) 

The chopper, prebuncher and buncher structures 
ware RF processed quickly and without difficulty; and 
a stable flat top beam at full rated peak current and 
at the bJncher design energy was achieved within min- 
utcc of first switching on. Figure 6 is a record of 
the first accelerated beam as measured with an evacu- 
.ited Faraday cup located on-axis and 2 muters beyond 
t:-.e 5 mm diameter output aperture of the buncher wave- 
q121de. This test run xas performed at a peak current 
of 1'1 :nn, a beam pulse length of 14 ;1sec and a repeli- 
tion rate (of 3i;G pps. A baam rnerqy of 7.1 Heir was 
cbtain';d with 2.5 XW Peak RF input power to the bunch- 
er section and .with an electron gun potential of 4G0 
k‘J. An cmerqent beam diameter of approxur.ately 2 mm 
was obtained .using an average axial magnetic field of 
1;s;~ than 5GO gauss. Although the beLam spectrum was 
.n 0 2 ev,rluatcd to any extent during this short test 
n;n, :t was apparent, from the general behavior of the 
r,y:it~.m and tha reproducible and stable nature of the 
5. <m, t!;at ,L performance of high quality had been 
,LiiiCV~~d. In al:ticii:ation of obtaining definitive and 
~,:rcltxig spctral d,lta, the installation of the second 
.iccelt:rstnr w(avequide, the high resolution spectrome- 
ter, ,.>nd zhe emittance measuring oc;uipment was comple- 
itt~! ~zxpedi"io.lsly; and the 2C HeV ie,un test program 
xas <col?mrncrd x Dcc~mber, 1'371. 

20 i+eV Beam Tests 

The first series of 20 NeV beam tests was per- 
formed at a klystron peak RF output power of 2.8 MW 
(2.5 NW at the buncher input coupler), an injection 

potential of 400 kV and beam pulse lengths of 10 and 
15 vsec. The injection systan was operated under 
biased (off-axis) 120° chopped-prebunched conditions;2 
and, contrary to previous experience with lower poten- 
tial, higher current, injection systems, use of the 
chopper cavity resulted in a marked improvement of the 
accelerated beam spectra. A further operational fea- 
ture which was noticed immediately, and attributed 
also to the high injection potential (and small beam 
cross-section), was the relative insensitivity of the 
amplitude and energy of the accelerated beam to small 
variations of the magnetic and RF control parameters. 

Evacuated Faraday cups, and non-intercepting RF 
beam monitors, were used to measure both the straight 
ahead beam and the analyzed beam which passed through 
fixed tungsten slits of 0.22% resolution. (The care- 
ful field mapping and analysis of this spectrometer 
system by Dr. S. Kowalski is gratefully acknowledged.) 

Typical high resclution performance of the injec- 
tor linac is illustrated by Figures 7 and 8 which com- 
pare collected straight ahead and 0.22% analyzed beams 
at 23 MeV for peak current levels of 4 mA and 8 mA, 
respectively. It can be noted that between 80 and 90% 
of the time integrated, steady-state accelerated beam 
was contained in an energy interval of 50 keV. These 
double exposure photographs were obtained while oper- 
ating at a pulse repetition frequency of X0 pps. The 
horizontal time scale calibration is 5 +sec/cm. 

The transverse phase space of the 23 MeV beam was 
in-vestigated by (a) observing the fraction of the !~;n 
scattered out of the straight ahead Faraday cup by a 
1 mm diameter tungsten wire as a function of the wire 
position during traversal across the beam and CL) 
transmission experiments with the bram passing thrcugh 
widely separated small diameter apertures :under dif- 
ferent conditions of upstream focusing and stoer1r.g. 

Fig. 7 Comparison of :;traiqht Ahead Beam and 
Analyzed 13cam Throuqh SO kV Slits (ip14ntij 
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Fig. 8 Comparison of Straight Ahead Beam and 
Analyzed Beam Through 50 kV Slits (ip=8mAI 

With the scattered electron technique, there were 
two measurement locations, Station 1, just beyond the 
spectrometer magnet and upstream of a long evacuated 
drift tube, and Station 2, 4.4 meters downstream of 
Station 1 and about 2 meters ahead of the Faraday cup. 
Each station was equipped with two 1 mm diameter tunq- 
sten wire probes, one of which rotated about a hori- 
zontal axis and the other about a vertical axis. A 
preliminary measurement showed that 50% or higher in- 
terception could be obtained simultaneously on all 
four wires, indicating a transverse emittance 2 10T3v 
m3c-cm. A more precise measurement was then made but 
without the services of the vertical axis pair, one of 
which had stopped operating. The solenoids of the 
second waveguide section were adjusted as a lens to 
produce a waist in the beam by maximizing the inter- 
cepted fraction at the probes. The small size of the 
Input collimator (5 mm), its close proximity to the 
lens, and the large distance from the lens to Station 
2 (greater than 6 meters) implied that a beam with a 
waist at Station 2 is in good approximation the most 
parallel beam which could be produced. Care was taken 
during these experiments to avoid loss of beam at the 
input collimator. Figures 9(a) and V(b) show typical 
experimental data at a fixed lens setting and at rated 

Fig. 9(a) Upstream Rotating Beam Probe 
(1. 7 mm/cm) 

Fig. Y(b) Downstream Rotating Beam Probe 

peak current for the upstream and downstream probes, 
respectively, as obtained with a sampling scope. The 
abscissa calibration scale of probe displacement is 
1.7 mm/cm. Note that the percentage of beam intercep- 
tion varies inversely as the distance to the baseline. 
An analysis of the electron scattering measurements 
indicated a beam waist of 2 nun diameter and a radial 
divergence of 0.7 mm in 4.4 meters, i.e. an emittance 
of 7x10-4 ~mec-cm with an estimated experimental accu- 
racy of +30%. (The suggestion by Dr. C. P. Sargent to 
utilize the rotating probes as a scattering medium and 
his collaboration in the evaluation of the experimen- 
tal data is gratefully acknowledged.) After the ro- 
tating wire measurements were completed, a 5 mm diame- 
ter collimator was inserted just beyond the Station 2 
location, 6 meters downstream of the 5 mm input colli- 
mator. Full transmission was obtained through this 
output collimator, even when the beam was subjected to 
small steering movements. The 20 MeV test program was 
terminated after a relatively short period to allow 
installation work to proceed; and the spectrometer, 
together with a new set of analyzing slits, for higher 
energy, was installed immediately beyond waveguide 
section No. 6, at the 120 MeV station. 

120 MeV Beam Tests 

These tests were scheduled for Summer, 1972; how- 
ever, it was decided to interrupt the installation 
program for several days just before the dedication 
ceremony in April to attempt a "100 MeV" beam run. 
Klystrons 2, 3 and 4 and their associated accelerator 
sections were RF processed, but final RF tuning of the 
power dividing evacuated RWG networks was deferred un- 
til a later date. On April 5, 1972, a 107 MeV beam 
was achieved: and preliminary RF power measurements at 
the section output couplers confirmed the feasibility 
of tuning the RWG networks to a phase accuracy of 2' 
or better using the accelerated electron beam as the 
standard for synchronization. Figure 10 compares the 
response of a section output RF monitor at constant 
beam current and for an input RF phase shift of 6O 
(away from the optimum phase position). 

The main 120 MeV test program commenced in July, 
1972. The three untuned RWG networks were accurately 
phase synchronized to the beam (making use of a re- 
motely operated tuning clamp), and the progressive in- 
crease of beam energy was verified spectroscopically. 
Figure 11 records the beam pulse, as measured with the 
straight ahead Faraday cup, after completion of final 
tuning. A beam energy of 126.5 MeV was obtained with 

t 

Fig. 11 Unanalyzed Beam Pulse 
(126.5 MeV, 9 mA, 2 usec/cm) 
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a peak current of 9 mA which is in close agreement 
with the 132 MeV design value2 at zero loading and the 
61 and 116 kV/mA beam loading factors for the 3.7 and 
7.35 meter waveguides, respectively. As with earlier 
tests, even after the beam was transmitted through 
0.22% analyzing slits, flat top pulse performances 
were achieved routinely. Figures 12(a), (b) and (c) 
compare the collected straight ahead and 0.22% ana- 
lyzed beams for an injection potential of 400 kV and 
the injection conditions of (a) no prebunching or 
chopping, (b) prebunching with 200 chopping, and (c) 
prebunching with 120' chopping, respectively. 

(c) Prebunching with 120' Chopping 

Fig. 12 Comparison of Straight Ahead Beam and 
Analyzed Beam through 250 kV Slits 
(115 MeV, 9 mA Peak, 2 usec/cm 

Additional tests were conducted to investigate the 
beam performance under conditions of drifting and back 
phasing. It was noted, for example, that when the beam 
energy was reduced from 120 to 48 MeV by switching off 
the second transmitter, and without adjusting any of 
the machine parameters, full beam current could be 
maintained in the straight ahead cup. Also, back phas- 
ing klystrons 3 and 4 enabled the beam energy, as meas- 
ured at the 120 MeV station, to be reduced to 17 MeV 
without difficulty. Beam spectrum measurements were 
obtained during the back phasing experiments to deter- 
mine the longitudinal phase space.6 An analysis of the 
data indicated that, at a peak current of 9 mA, essen- 
tially all of the charge was contained in a bunch width 
of somewhat less than lo. This low value was consis- 
tent with (a) the injection system bunch measurements, 
using a rotating beam technigue,7 which confirmed vis- 
ually that bunch widths of < 10' were being produced 
at injection to the 1O:l compression buncher, (b) the 
insensitivity of the spectrum width to small changes in 
RF phase, and (c) the ease of back phasing the beam 
over a wide range of operational conditions. 

Two beam experiments were conducted as preliminary 
checks for the presence of BBU. An accelerated beam 

of 42 mA peak and 14 psec pulse width was delivered 
to the 120 MeV station, and klystrons 3 and 4 were then 
switched off. Without focusing fields over the passive 
waveguide sections, the full beam was drifted success- 
fully into the end cup, and at a terminal energy of 28 
YleV. A low field gradient test was also conducted by 
reducing the klystron peak RF output level from 4 MW 
to1MW. A stable 60 MeV, 10 mA beam was demonstrated 
under these conditions, and this beam was also drifted 
successfully into the end Faraday cup when the second 
transmitter was de-energized. After a series of cal- 
ibration measurements and phase scan tests with the 
prebuncher and chopper cavities, the beam test program 
was terminated to allow installation to proceed on the 
remaining portion of the beam centerline and the 
"Mark 1" beam switchyard. This has now been completed, 
and final preparations are in hand to transmit the ac- 
celerated beam along the entire system and into the 
main beam dump located at the 250 meter station. A 
portion of the switchyard showing the bent beam channel 
directed towards the energy-loss spectrometer hall, and 
the straiqht ahead beam dump channel can be seen in 
Figure 13. 

Fig. 13 View of Portion of Switchyard 

Conclusions 

Initial design objectives of very narrow lonqitu- 
dinal and transverse phase space have been demonstrated 
with the achievement of a small cross-section hiqh res- 
olution electron beam, the stability and reproducibil- 
ity of which challenges the performance heretofore con- 
sidered possible only with direct generation type ac- 
celerators. 
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