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On 21 May 1966, electrons were 
accelerated for the first time through 
the full length of the Stanford Two- 
Mile Linear Electron Accelerator. Con- 
struction of this machine had begun in 
April 1962. Beam operation with the 
first two sectors (each sector 333 feet 
long) had initially taken place on 3 
January 1965, and operation with two- 
thirds of the machine (6700 feet) start- 
ed on 21 April 1966. The design ob- 
jective of this machine is to accelerate 
a maximum electron current of 30 
microamperes average to an energy of 
20 Gev (109 electron volts). Detailed 
design characteristics of the accelerator 
may be found elsewhere (1). 

During the first full-length operation, 
an energy of about 10 Gev was ob- 
tained, with 24 out of the 30 sectors 
contributing energy but operating at 
reduced power levels. Subsequently, 
during the two runs scheduled since 
that date, the energy has been increased 
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tained, with 24 out of the 30 sectors 
contributing energy but operating at 
reduced power levels. Subsequently, 
during the two runs scheduled since 
that date, the energy has been increased 

to 16.4 Gev by activating 208 out of 
the total of 245 klystrons, by improv- 
ing the phasing adjustments, and by 
increasing the peak power of the 
klystrons. Higher-energy operation will 
be approached cautiously until more 
experience with the life of the com- 
ponents has been obtained. 

Overall Accelerator Performance 

Overall accelerator performance to 
date has been good. Energy measure- 
ments have shown that the design goal 
of 20 Gev should easily be met. The 
attainable intensity is at present limited 
to about half the design value of 30 
microamperes by the "beam breakup" 
limit discussed below. Corrective mea- 
sures are under investigation. Below 
the beam-breakup threshold, at least 
90 percent of the beam measured at a 
monitor 30 feet from the injector is 
transmitted through the entire length 
of the machine. At a pulse repetition 
rate of 360 pulses per second and a 
pulse length of 1.5 microseconds, a 
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of the machine. At a pulse repetition 
rate of 360 pulses per second and a 
pulse length of 1.5 microseconds, a 

peak current of 10 milliamperes cor- 
responds to an average current of 5.4 
microamperes. With klystrons operating 
at a conservative output power of 15 
megawatts peak, the stability of the 
machine has been very good. In the 
absence of any major changes in 
operating conditions, it has been possi- 
ble to turn off the beam and reestab- 
lish it several hours later without re- 
tuning. The automatic phasing system 
in which the electron beam is used 
as a phase reference has functioned 
well. Typical energy spectra with and 
without beam loading, such as are 
shown in Fig. 1, have exhibited spec- 
trum widths at half maximum of less 
than 1 percent. Microwave beam posi- 
tion monitors located at the end of 
each sector have indicated the trans- 
verse beam location with respect to 
the accelerator axis within + 0.5 milli- 
meter. Their use has greatly facilitated 
the functions of steering and focusing 
the beam along the machine. These 
functions have been further aided by 
the use of a 2-mile-long, argon-filled, 
coaxial line installed along the ac- 
celerator. This line works as a con- 
tinuous ionization chamber and enables 
the operator to detect beam losses and, 
from the times of arrival of the ioniza- 
tion signals, to resolve their location 
within 100 to 200 feet. The capability 
of the laser alignment system to read 
out, remotely, the accelerator trans- 
verse coordinates to an accuracy of 
+ 0.010 inch has been demonstrated. 
Preliminary experiments with interlaced 
beams such as that illustrated in Fig. 
2 have demonstrated the feasibility of 
transmitting beams of different energies, 
intensities, and pulse lengths through 
the accelerator. These beams can then 
be separated in the beam switchyard 
for experimental purposes. 

Tests on the life of accelerator com- 
ponents, including klystrons, are in 
progress. In accordance with design, 
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such tests and the associated main- 
tenance and repairs are being carried 
out without interrupting beam opera- 
tions. 

Beam Dynamics and Beam Breakup 

Considerable testing time has gone 
into studies of beam dynamics. The 
bunch phase spread at the 30-foot 

point has been measured to be about 
5 degrees (5/360 of the wavelength at 
the operating frequency of 2856 mega- 
hertz). The transverse phase space at 
the injector has been calculated by 
measuring the beam diameter at two 

positions, for one of which the beam 
has been focused to minimum spot 
size. The phase space is given approx- 
imately by the product of the beam 
diameter at the beam minimum and the 

angular divergence of the beam. This 

divergence can be inferred from the 
beam diameter at the second position. 
Eighty percent of the injected current 
was found in a phase space of 1.2 X 
10-2 Mev cy-1 cm--' [expressed as a 
product integral of the transverse mo- 
mentum, in units of million electron 
volts per cycle, and the beam displace- 
ment, in centimeters]. This transverse 

phase space should be conserved along 
the whole machine up to currents where 
the phenomenon of beam breakup sets 
in. Below beam-breakup threshold the 
beam diameter was observed visually, 
at a final energy of 16 Gev, to be less 
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Fig. 1. Typical energy spectra measured 
at end of the accelerator with and with- 
out beam loading. Width at half maxi- 
mum was measured at 1.33 percent, with 
0.9 percent attributable to experimental 
resolution. 
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than 1/8 inch and showed a negligible 

spread in 480 feet, the distance between 
two viewing points, as measured with 

argon-filled Cerenkov cells beyond the 
end of the accelerator. 

Beam breakup manifests itself 

through a progressive shortening of 
the transmitted beam pulse when a 
certain combination of peak beam cur- 
rent and accelerator length is exceeded. 
Among other extensive measurements, 
data have been obtained with the beam 
accelerated to 600 Mev through the 
first 333-foot sector and then permitted 
to coast through the remainder of the 
accelerator; these are shown in Fig. 3. 
As the number of activated sectors 
increases, the current which can be 
accelerated without beam breakup also 
increases; the measurements indicate 
that current of about 25 milliamperes 
can be accelerated at full gradient to 
the end of the accelerator, correspond- 
ing to an average current of 14 micro- 
amperes at the full 360-pulse-per-sec- 
ond repetition rate. Focusing adjust- 
ments have only small effects on the 

beam-breakup threshold. 
The observed phenomenon of beam 

breakup, while undoubtedly related to 
the excitation of the higher-order, 
TMn,-like, deflecting mode, appears to 
be somewhat different from similar 
effects reported earlier (2) in other 
linear accelerators. In short machines 
with similar design parameters, beam 

breakup occurs typically over a 10- 
foot length for peak currents of - 300 

milliamperes in uniform structures and 
600 milliamperes in constant-gradi- 

ent, tapered structures. In a multiple- 
section machine it appears that the 
transmitted beam can successively in- 
teract with this higher-order transverse 
mode in each of the 960 accelerator 
sections. Subsequent bunches in the 
beam undergo transverse modulation 
while passing through the sections. 
This modulation is carried to the fol- 
lowing sections, resulting in progres- 
sively higher excitation. The next por- 
tion of the beam entering the acceler- 
ator finds each section already pre- 
excited in this transverse mode, and 
the progressive buildup from section 
to section therefore proceeds from a 

higher value. For these reasons, the 
transverse modulation of the beam will 
in general increase exponentially both 
in time and with distance along the 
accelerator, and the onset of beam 

breakup will occur at much lower cur- 
rent than in short machines. It had 
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Fig. 2. Energy spectra of two interlaced 
beams displaced in time by 1/120 second, 
each beam operating at 60 pulses per 
second with 8-milliampere peak current. 
(Measured with beam through two-thirds 
of the accelerator.) 

been expected that the nonuniform 
accelerator structure arising from the 

constant-gradient design adopted for 
the 2-mile accelerator would prevent 
this difficulty. It now appears that the 
use of this structure has served to re- 
duce but not to eliminate the breakup 
problem. The action described is the 
transverse analogy to the amplification 
of longitudinal bunching in a multi- 

cavity klystron. 
Radiofrequency measurements made 

by means of a variety of coaxial and 

waveguide probes reveal that the onset 
of breakup is associated with the pres- 
ence of transverse beam modulation at 
4140 megahertz. This frequency cor- 

responds to the 7r-mode of the input 
end of each constant-gradient acceler- 
ator section in the TM,, mode. A 
second frequency of 4428 megahertz 
is also observed; it is simply a "beat 
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Fig. 3. Foreshortened pulse length, tB, af- 
ter beam breakup as a function of peak 
current, 1,. The sector number where 
breakup is observed is shown as a pa- 
rameter; the distance from the injector 
is 333 feet times the sector number. A 
low-energy beam was used to permit ex- 
tended range of parameters. 
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note" of 4140 megahertz with the third 
harmonic of the accelerator frequency, 
2856 megahertz. Self-excited breakup 
invariably seems to occur in the vertical 
direction, at 90 degrees with the wave- 
guide couplers. It has also been possible 
to lower the threshold current for 
beam breakup artificially by injecting a 
few milliwatts of 4140-megahertz or 
4428-megahertz radiofrequency power 
into an early 10-foot section of the 
accelerator. Experimental and analytic 
work is under way, aimed at gaining 
an understanding of the mechanism 
of transverse modulation buildup from 
noise and to test alternative corrective 
measures. 

Detailed Energy Measurements 

Both cumulative and incremental en- 

ergy measurements have been made 
over two-thirds of the length and over 
the full length of the machine to verify 
the relation between energy gain and 

radiofrequency power input to the ac- 
celerator. 
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For a constant-gradient structure 
with negligible beam loading, the 
energy gain V in a length 1 having a 
shunt impedance r per unit length is 
given by 

V= -(1 - e-2T) (Plr)' 

where P is the radiofrequency peak 
power input and r is the net attenuation 
of the structure, in nepers. In the Stan- 
ford 2-mile accelerator, r = 0.57, 1 = 
305 centimeters, and r = 53 megohms 
per meter. Using these values and cor- 
recting for the power loss of 0.54 + 0.1 
decibel in the waveguide system be- 
tween the klystrons and the accelerator, 
one obtains the energy gain V per 
klystron, each klystron feeding a power 
P into four 10-foot accelerator sec- 
tions, of 

V = 19.9 Pi 

where V is measured in Mev and P 
is measured in megawatts. 

For the highest energy run to date 
(16.4 Gev), the sum of the square roots 
of all the power inputs from the 208 
contributing klystrons was 840 (Mw)-. 
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P into four 10-foot accelerator sec- 
tions, of 

V = 19.9 Pi 

where V is measured in Mev and P 
is measured in megawatts. 

For the highest energy run to date 
(16.4 Gev), the sum of the square roots 
of all the power inputs from the 208 
contributing klystrons was 840 (Mw)-. 

Thus the measured constant of 19.5 is 
in reasonable agreement with the 
theoretical value of 19.9 given in the 
above equation. 

Further Plans 

Accelerator test runs will continue 
for about 3 months while construction 
of the beam switchyard and the ex- 
perimental areas is progressing. After 
survey experiments on secondary beam 
production have been made, a sched- 
uled program in elementary particle 
physics will begin, by late fall 1966. 
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Memorial Day is one of those con- 
veniently spaced national holidays 
which provide traditional breathers in 
the congressional schedule. Most leg- 
islators go back home, make a cere- 
monial appearance or two, and tap 
grass-roots opinion. The congressional 
mood before and after this Memorial 
Day long weekend can be described 
as uneasy. 

Anxiety, of course, is a natural state 
for politicians in an election year. But 
this year senators up for election and 
all the congressmen must deal with 
Vietnam and inflation as live, if un- 
clearly defined, political issues. Infla- 
tion seems to favor the outs, but the 
ins are hoping that full employment 
will outweigh it. 
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Vietnam is a principal national con- 
cern, but the primaries haven't shown 
which way it is likely to cut most deep- 
ly at the polls. President Johnson's 
popularity is reportedly down from its 
record peaks, but in off-year elections, 
candidates of a President's party seldom 
lash themselves politically to their na- 
tional leader. 

Present uncertainties and the aware- 
ness that it's a long, long way from 
May to November have dampened the 
appetite for early adjournment evident 
-particularly among Democrats-at 
the end of last year's long session. 

Relations between the President and 
his majority in Congress seem to have 
frayed slightly, although normal wear 
and tear could account for it. The 
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President's speech in Chicago 2 weeks 
ago was interpreted by some legislators 
as an ultimatum to members of his 
party to go all the way with LBJ on 
Vietnam or else, and was resented. 
And while the administration contin- 
ues to prevail remarkably often legis- 
latively, Congress has been taking many 
more liberties in committee this year 
than last. 

Memorial Day marks a legislative 
watershed in most congresses. Many 
money bills have moved through the 
appropriations process, and the rough 
outline of what Congress is likely to 
accomplish can be discerned. 

Major appropriations bills affecting 
science and education were sent on 
their way when the Labor-HEW and 
Independent Offices appropriations 
bills passed the House. The Senate has 
not acted, but radical changes are un- 
likely, particularly since extension and 
expansion of existing programs are in- 
volved, rather than enactment of new 
legislation. 

The Independent Offices bill included 
appropriations of $4.95 billion for the 
National Aeronautics and Space Ad- 
ministration, a reduction of some $62 
million in the budget request. More 
than $4.2 billion of the total was ear- 
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