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Introduction 

The NBS linear electron accelerator is a 
facility designed for a varied program in nuclear 
and radiation physics. Considerable attention 
has been spent in the design of the facility to 
the needs of experiments, the ability to rapidly 
(10-20 minute) switch the electron beam from one 
experimental area to another, and to providing 
experiments with high intensity electron beams 
having good energy resolution and stability. 

The Linac 

The NBS linac consists of 9 sections of 
L-band (1300 Mhz constant structure waveguide 
operating in the 2nl3 mode. Each waveguide 
section is 2.5 meters long and has an unloaded 
ener~y gain of 23 MeV for 10 MW input power. 
A space equal to one waveguide section is left 
after the third section to allow addition of a 
future positron source, quadrupole triplet, and 
beam deflection magnet. 

Forty liter per second ion pumps and ferrite 
beam magnitude and beam position indicators are 
located before the first accelerator section, 
after the last section, and between waveguide 
sections, to allow detection of loss of electron 
beam within the accelerator. Signals from the 
beam magnitude detectors are compared to detect 
loss of beam current in the accelerator for 
every beam pulse. If the current loss in any 
accelerator section is excessive, the section 
where loss occurred is indicated and the in­
jector is automatically switched to a very low 
repetition rate (one pulse every 2 seconds) 
which is maintained until the first pulse where 
beam loss ceases. The injector then goes back 
to its norn~l repetition rate. 

Longitudinal magnetic field is provided on 
all accelerator sections by means of aluminum, 
aluminum-oxide insulated coils. These are 
capable of providing up to 1000 gauss of longi­
tudinal magnetic field on any waveguide section. 
Earth's field cancelling-steering coils are 
provided on each accelerator section. 

Electron injection is provided by a grid­
ded-Pierce type electron gun with oxide cathode 
operating at potentials of about 150 kilovolts. 
Focussed electrons are injected into the first 
p=l waveguide section after passing through a 
low-Q klystron bunching cavity. Microwave power 
for the bunching cavity is derived from the rf 
power feed to the first accelerator section. 
Microwave chopping in the grid-cathode region of 
the injector is also provided to allow injection 
of chopped-bunched electron beams. While this 
chopping feature aids somewhat in obtaining better 
energy spectra, it adds significantly to the 
capacity which must be driven in obtaining few 
nanosecond length beam pulses, and we are now 

operating without this injector chopping feature. 
Microwave power of 10 megawatt peak, 20 

kilowatt average is provided for the first three 
accelerator sections with 5 megawatt peak, 10 
kilowatt average for the last six sections. Rf 
pulse lengths of 7 microseconds maximum are 
provided, with pulse repetition rates up to a 
maximum of 720 pulses per second. For the 
higher repetition rates the rf pulse length must 
be decreased so as to maintain an rf duty of 
.002 maximum. Provision is included for a later 
expansion of the rf power source to 10 megawatt 
peak, 20 kilowatt average on all nine waveguide 
sections. Shielding, beam handling, etc. for 
the entire facility have been made with this 
later expansion in mind. 

Figure 1 shows the designed beam loading 
curve for the NBS linac in its present configu­
ration. The original unloaded design energy of 
the accelerator was 153 MeV. Due to lower rf 
losses than originally anticipated and the use 
of 2nl3 rather than nl2 mode of operation, the 
actual observed unloaded energy is about 170 MeV. 
The shaded area indicates the region of the beam 
loading space which was considered acceptable 
performance in the original design. The actual 
performance exceeds design values for all 
energies and currents. The present maximum 
pulsed beam current for long beam pulses (6 micro­
seconds) is about 350 milliampere (limited by 
beam blow-up) with 2 amperes peak for 0.1 micro­
second or shorter beam pulses. Pulsed currents 
of about 250 milliampere are readily obtained 
for all energies from 10 MeV to the maximum 
allowed by the theoretical beam loading curve. 

A view of the accelerator is shown in 
Figure 2 from a point near the high energy end 
of the accelerator. The accelerator tunnel is 
156 feet long and located about 35 feet below 
ground. As much as possible of the accelerator 
instrumentation has been removed from this area 
for radiation damage and radioactivity reasons. 

Directly above the linac tunnel and separated 
from it by 6 feet of concrete shielding is located 
a cooling room shown in Figure 3. Rf transmission 
waveguides pass through this room into the adja­
cent modulator room through 4 feet of additional 
concrete shielding. Water cooling systems for 
the linac are located in the cooling room. 
During linac operation the cooling room can not 
be occupied because of neutron flux penetrating 
the waveguide slots and because of short lived 
radioactivities generated in the cooling water 
systems (primarily the 016(I,n)015 reaction). 

A separate cooling system is provided for 
each waveguide section. These systems operate 
with a completely pneumatic control regulator 
which uses a gas bulb thermometer built into the 
center of each waveguide section as its primary 
temperature sensing element. An outline of this 
waveguide temperature control system is shown in 
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Figure 4. With this system waveguide copper 
temperature stability better than O.loF is 
maintained. This is substantially better than 
can usually be realized when regulation is based 
on water temperature control since the water 
sk!n-drop is dependent upon the heat load. These 
waveguide temperature control systems have proved 
to be quite reliable and troublefree. 

A view of the modulator room is shown in 
Figure 5. This room can be occupied during all 
linac operations. There are 12 modulators for the 
entire accelerator (2 each for the first three 
sections and one each for the last 6 sections). 
The modulators are of the hard tube variety and 
are each capable of driving a 5 megawatt peak powe~ 
10 kilawatt average power klystron operating with 
as low as 33 percent efficiency, and with micro­
perveance as low as 1.65. Figure 6 shows a 
schematic diagram of one of these modulators. 
Slow overload protection is provided by means of 
overload relays on the incoming power lines. Fast 
protection is provided by means of two spark gaps 
and a fast vacuum relay. A view of the inside of 
one of these modulators, lifted out of its oil 
tank is shown in Figure 7. 

The performance of these modulators has been 
relatively good. It was originally attempted to 
achieve a modulator pulse flatness during the 
pulse of about 0.3%. Under best operation we can 
achieve about 0.5% pulse flatness with a compar­
able fluctuation from pulse to pulse due to power 
line ripple. Slow variations in modulator output 
are effectively removed by a regulator circuit 
which compares the modulator output pulse with a 
dc reference signal. A correction signal is 
applied to the input pulse& to the switch tube grid. 
Only one persistent cause of modulator failure 
remains to be resolved. This is the failure of 
windings on the charging reactors caused by 
saturation of the iron in these reactors during 
fault discharges. It appears that the addition 
of a current limiting diode in series with these 
charging reactors will cure this problem. 

An outline of the microwave s)stem for the 
linac is shown in Figure 8. A CW signal from a 
2.5 Mhz oscillator is frequency multiplied to 
1300 Mhz in a CW solid state multiplier chain. 
This signal is further amplified and distributed 
in a pulsed amplifier chain and applied to the 
klystron input cavities. The rf drive level to 
each klystron is independently adjustable from 
the linac control console by varying the final 
tetrode screen potential. For eacc of the first 
three waveguide sections, the output power from 
two klystrons is added in a hybrid tee, the un­
balanced power being lost in a high power rf load. 
This has proved quite successful. Approximately 
98 percent of the input power to the hybrid tee 
being sent to the accelerator. 

The performance of this rf distribution sys­
tem has proven suprisingly good. System failures 
are rare and phase and amplitude stability are 
excellent. Rf phase measurements indicate a gen­
eral system phase stability of about 2 degrees over 
periods of 30 minutes or more. The long term phase 
stability has not yet been investigated. 

No attempt has been made to incorporate an 
automatic rf phase control system on the NBS linac. 
Phase adjustment is accomplished manually by use 
of an rf phase bridge contained in the central 
control console. The input of one arm of this 
phase bridge can be an rf signal from any selected 
waveguide input, while the input to the other 
arm of the bridge can be an rf signal from any 
selected waveguide output. By rf phase compari­
sons with and without accelerated beam, phase 
adjustment of the accelerator is rapidly achieved, 
generally taking about 5 minutes to phase adjust 
the entire accelerator system. 

A further and most valuable tool to study 
accelerator performance is the pulsed analyzing 
magnet, shown in Figure 9, at the end of the 
accelerator. Contained in the focal plane of 
this magnet is an array of 100 pulsed coaxial 
secondary emission monitors. The injector trigger 
is gated off during the rise and fall time of the 
magnetic field in this magnet with one beam pulse 
allowed in the accelerator during the time that 
the magnetic field is constant. The secondary 
emission monitors are pulsed on during the por­
tion of this beam pulse which is under study. 
The collected charge from the detectors is then 
scanned by a rotating switch and displayed on a 
storage oscilloscope. One such display is shown 
in Figure 10. The spikes on this display cor­
respond to signals from the various focal plane 
detectors. Successive channels of the display 
are separated by 0.5% in momentum. 

A view of the main operating console of the 
NBS linac is shown in Figure 11. All linac con­
trols normally used during a run are contained 
in this central console. Second class controls 
which must be adjusted during initial set up or 
for major changes in operating conditions can 
be seet. behind the main console. 

Facility Layout and Beam Handling 

The layout of the NBS linac facility is shown 
in Figure 12. The beam from the end of the linac 
enters the magnet room from which it can be di­
rected into anyone of three experimental measure­
ment rooms. With the present configuration, beams 
are available in two of these measurement rooms 
(number 1 and 2), with a third "straight ahead" 
beam available in the magnet room. Future addi­
tions to be completed in about one and one-half 
years will provide several beams in measurement 
room no. 3 and beams in a ground level area for 
a more extensive program of neutron time of flight 
experiments. 

In designing the NBS facility it was neces­
sary to make a basic decision as to whether time­
sharing of the beam (ie. deflection of different 
beam pulses into different experimental areas) 
was to be provided or not. It was felt that for 
a nuclear and radiation physics laboratory where 
slow-cycle experimental equipment such as bubble 
chambers would not have great use, the import~nt 
feature to provide was not time-sharing in the 
above sense, but rather a rapid (10-20 minute) 
sw~tching of the facility from one experimental 
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area to another, combined with the ability for 
experimenters in one area to work on their ex­
perimental equipment while the beam was in use on 
other experiments. The implications of this 
rapid change over from one experiment to another 
have proven to be very complex and involved, 
especially for a facility with large beam powers 
which can easily damage unprotected experimental 
equipment. We have systematically faced these 
problems and believe that rapid switching between 
experiments will be successful and valuable. 

A block diagram of the beam handling system 
as it presently exists is shown in Figure 13 with 
a view of the equipment in Figure 14. In the 
input section is located a pair of quadrupoles 
to allOl, an optimum match of the optics of the 
beam leaving the linac to that required by the 
beam handling system. Two collimators are also 
located in the input section to define the 
horizontal and vertical dimensicns of the beam 
respectively. These two collimators are imaged 
throughout the remainder of the system. 

Two acromatic deflection systems are pro­
vided to allow beam deflection into different 
experimental measurement rooms. It is expected 
that beam momentum resolutions bet"een .04 per­
cent and 5 percent will be available in the 90 
degree deflection system and between 0.1 percent 
and 10 percent in the 45 0 deflection system. 
The optics of the deflection magnets of the 90 0 

system have been examined in detail using heavy­
particle ion beams from a small Van de Graaff 
accelerator to insure that these resolutions 
will be obtained. 

Provision is also made in the 45 degree 
system for deflection of the analyzed beam into 
a small irradiation cell for radioactivity and 
activation analysis studies and for dumping of 
the electron beam after a thin bremsstrahlung 
target. 

The major technical difficulties in develop­
ing the beam handling equipment arise from the 
high beam currents for which it is intended. 
The system is designed to safely handle a one 
milliampere 100 MeV electron beam in a spot size 
as small as 5 millimeter diameter. Problems of 
metal fatigue due to pulsed heating by the beam 
and of boiling-burnout at water-cooled metal 
surfaces which the beam strikes are severe. 
Figure 15 illustrates how these problems have 
been handled in the region of the input collimator. 
(The same basic approach is used throughout the 
system.) The electron beam horizontal size is 
defined by a pair of rotating wheels of tungsten­
tantalum alloy which will operate at a maximum 
temperature of 23000 C. These wheels are cooled 
by radiation to their surroundings. A similar 
arrangement collimates the vertical position. The 
aperture defined by these wheels is remotely 
adjustable from the control console. The function 
of these wheels is not to stop, but rather to 
heavily scatter the electron beam for subsequent 
clean up by other collimating elements. Following 
the rotating collimators are a pair of fixed 
aperture elements formed by thin walled (.020") 
copper tubing carrying cooling water at high 
velocity (45 feet per second). These serve to 

further scatter the beam. A final clean up of 
the scattered portion of the beam is made in a 
water cooled lead shield. 

Figure 16 shows a view of the primary control 
console for the beam handling system. As much 
as possible this has been made a push-button 
operation to allow rapid switching of the system 
from one experimental area to another. The 
time to switch from one beam to another is about 
10 minutes, which is determined by the time 
necessary for an automatic degaussing cycle 
of deflection magnets to be completed. 

Summary 

The NBS linac and beam handling system are 
now operational. The linac has been in use for 
an experimental program since March, 1966 with 
experimental set-ups at the end of the accelera­
tor. While we still have problems typical of a 
new facility, the general operation has been 
quite good. Variation of beam energy from below 
10 MeV to 150 MeV without loss of beam has proven 
extremely easy and fast by back-phasing the last 
sections of the accelerator. The highest beam 
currents at which we have operated have been 
0.6 milliampere average with about 60 kilowatt 
of beam power. 

At present we have operated with electron 
beam through the beam handling system into two 
of the experimental areas with beam powers of 
about 5 kilowatt. The power will gradually be 
increased as we gain experience and as needed 
by experiments. With 3 percent momentum slits 
approximately 90 percent of the beam leaving the 
accelerator appears in a well focussed spot 
in the experimental rooms. With slightly more 
than one percent momentum slits, 50 percent of the 
beam from the accelerator reaches the experi­
mental area. 
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DISCUSSION 

J. Leiss, NBS 

CITRON, Karlsruhe: Y10uld you mind repeating the 
installed peru, and average rf power? 

~: l1e have 12 klystronE, 5 MW peak power, 10 
kW average power, so that we have 60 MW peru{, 120 
kW average. The machine will operate very close 
to its 0.002 duty-cycle design. 

HENDRICKS, Univ. of Minnesota: Do you have any 
concern about erosion of your copper tubes in 
your collimators due to the extremely high water 
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velocity; and have you &'1y estimates of their 
lifetimes? 

LEISS: Yes. It wasn't done absolutely blindly. 
Some tests were made at hiGher water velocities 
for arotmd 1000 hours. The samples \Tere examined 
microscopically and no siC;11 of erosion was seen. 
He are Etill concerned about this. He have paid 
very careful attention to the corrosion problems 
that co along \lith such hieh water velocities, 
and the pulses fatieue, and heating questions, 
and thinGS like thif:. The one place that we 
could really get into trouble is if the erosion 
tests were completely \Irong. 

LOEW, SLAC: I noticed with a certain amotmt of 
pleasure that, when you showed your spectrum 
display, you also have [Come negative spikes ,rhich 
\le all know are not positrons. Vie have never 
been able to explain them to our satisfaction. 

LEISS: Are you sure? Yes, I can explain them 
much easier than you can explain yours. There's 
leakaGe on some of the detectors. The way these 
detectors "ork is that they are coaxial geometry 
devices and are biased on pulse-wise during a 
b\ITst and then biased off. The charge is stored 
on a cable and you ahrays have a little bit of a 
leakage of thi, charGe out of the cable and a 
little bit of a leakage of your bias voltage onto 
the cable. Those that go neGative are ones where 
the balance is tmforttmate. 

BITTNER, BNL: I thought you mentioned something 
about ferrite beam position monitors; if so, 
could you say a \lord about those, please. 

LEISS: I don't think they're anythinr: unique and 
I'm not sure how "ell these particular devices 
are goine; to work. vie don't have good enough 
circuitry on them at the mo~ent. Hhat they are 
(I believe it "as developed first at Argonne) are 
four rods of ferrite "ith coils on them. Now in 
this arranc;ement, you have such low inductance 
that you have to add circuitry on them or else you 
just get a transient ring. Vie have added differ­
ence amplifier circuitry on the~. It looks like 
they tell pOSition, but we really haven't proved 
it yet. He're working on a number of other de­
vices that we hope "ill "ork better than these, 
but I vlouldn't like to talk about this. 

LEBOUTET, CSF: Could you comment more on the 
last curve? Do you have experimental evidence 
no" of the bigger drop of energy for the first 
pulses? And I have a second question: Could you 
comment about the misalignment effect on the beam 
blovrup as SLAC indicates? 

LEISS: On the first question: He do not have 
experimental evidence. If you "ill look at the 
operation that you can get for any machine I kno" 
of, you really can't tell ,rhether these effects 
are there. He may be \Irong in the quantitative 
value of "hat current you can get; ho"ever, it 
remains an inescapable fact of physics that you 
cannot take all of the energy out of a cavity 
instantaneously. The type of effect that we are 

talkinr. about is there. It's only a question of 
whether some of the parameters are more important 
than we think they are. The second point about 
the misalic;nment: He really don't understand 
this. I think we have proven it--that the place 
where beam blo"up sets in on our machine depends 
upon how well the machine h aliened. He believe 
we at one time aligned the machine to 0.010 in. 
down its entire length. vThen we did thiS, the 
beam breakup started at l/I~ It in the pulse. Orig­
inally we fotmd that the sections were all due to 
some ,j igeing problem in the couplers, pointing 
upward 1 mm, systematically. Then the beam blow­
up was occurring at very clo,'e to the 1/2 A level. 
That was the orir:inal situation. He lined it UP. 
and we fotmd hlowup occurrinG at the 1/4 A level. 
vie then misalic;ned the first three sections and 
fotmd that the current went up to about 350 rnA. 
He can Get it back up to the 1/2 A, I believe, by 
remisalienine the last 2/J of the machine. He 
really can't ,justify this; there aren't presently 
experiments that want to UEe this much current. 
Hith the present alignment we can run from 8 or 
10 MeV to 150 NeV. He can ,just switch energy up 
and down. vie don't have to touch focusing or 
steering and ,just back phase sections. It's a 3 
or 4 minute job to give people any energy they 
want. vThen the accelerator is misaligned, it's 
not so easy, and 'I-Ie can't ,justify doing it. 

HAIMSON, MIT: You mentioned, rec;arding the wave­
guide deSign, tmiforTIl gradient. Did you mean 
tmiform impedance, or constant gradient? 

LEISS: Uniform impedance, I'm sorr~T. It's a 
constant structure guide, 2~/3. I'd like to com­
ment that it's quite interesting that if you take 
the magic formulas, we still come within a factor 
of 2 of where people say we should get blowup. 

LEBOUTET: v,bat crQup velocity? 

LEISS: I'd have to figtrre it out for you. It's 
about 0.01,8 C. Our sections are 2-1/2 m long; 
filling time is 1. 7 IJS8C. 

SEVERNS, LASL: You mentioned when you talked 
about the modulators that you had some difficulty 
with fast feed-back loop, which you apparently 
abandoned. ,That waF the difficulty? 

LEISS: Well, j'irst our maximum pulse lengths are, 
say, 7 ~sec on the modulator. vThat you get into 
are time delay problems. The time delay problems 
come in two forms. One is ,just the normal time 
delays around the loop through pulse transformers 
and so forth. These are anticipated. Another, 
less apparent, source of time delay, and one 
that's very difficult to do anything about and 
often forgotten, iE that you have switch tubes 
and various things that are in a cut-off posi­
tion. In gettine them up to the conducting po­
sition, there are substantial time delays in any 
driving circuitry. These add on into the total 
loop time delay and mal\:e a closed loop control 
(without bad thinc;s at the beginning of the pulse) 
quite difficult. For longer pulses, if I had 15 
~sec or more, it vrould be quite feasible. 
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Fig. 1. Beam loading curve for NBS linac as orig­
inally proposed. Solid curve calculated 
from expected waveguide parameters. 
Dashed area represents region where op­
eration was considered necessary. Actual 
operation exceeds these predictions both 
in energy and current. 

Fig. 2 . View of accelerator waveguide 
from near end of last accelerat­
i ng section. 

Fig. 3. View of cooling room !'rom near injector end. 
Room is directly above accelerator and sep­
arated from it by 6 ft of concr ete. Alumi­
num rf transmission waveguides pass through 
this room on way from modulators to accel­
erator. All accelerator water cooling sys­
tems located in this room. 
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Fig. 4. Accelerator waveguide cooling and tempera­
ture control system schematic. Copper 
waveguide temperature sensed by gas-bulb 
thermometer in accelerating waveguide. 
Pneumatic control system maintains temper­
ature at llOOF with temperature stability 
better than O.loF. 

Fig. 5. View of modulator room from near injector 
end of accelerator. Racks on left contain 
rf distribution system, power supplies, 
and pulsing equipment • Twelve modulators 
on right sit in insulating oil tanks ex­
tending 30 in. below floor level. Special 
lifting rig used for modulator maintensnce. 

Fig. 6. Schematic of power and hard tube modulator for one klystron. 
Amplitude and slope of input driver pulse to modulator can 
be varied from control room to obtain desired modulator per­
formance. Vacuum relay opens whenever power supply voltage 
is <i normal value of 60 kV. This protects power supply 
from sudden severe overloads during operation and turn-on 
transients. 

Fig. 7. View of modulator 
lifted out of oil 
tank. 
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Fig. 8. Schematic of rf system. A stable CW 2.5 
MHz crystal oscillator is frequency multi­
plied to 1300 MHz, further amplified, "and 
distributed in pulsed amplifier chain. On 
first 3 accelerating sections, output of 
klystrons is added in a hybrid tee. For 
each of last 6 accelerator sections, only 
one klystron drive is used. 

Fig. 9. View of pulsed energy analyzing magnet at 
end of accelerator before connection of 
linac and beam handling system. Rise and 
fall time of magnetic field is 10-15 msec, 
determined mainly by eddy current losses 
in vacuum chamber. The 100 secondary emis­
sion mom tors in focal plane of magnet are 
of cylindrical geometry. Each detector 
covers 0.2{o momentum bin. Detectors are 
spaced 0.5~ on centers. 

Fig. 10. View of accelerator beam energy spectrum 
as displayed on storage oscilloscope of 
energy analyzer magnet system. Example 
shown is for a 6 lJSec, 140 MeV beam 
pulse with 160 mA in beam. 

Fig. 11. View of main accel erator control console. 

Fig. 12. Layout of NBS linear accelerator facility 
showi ng accelerator, magnet room, and 
three measurement rooms. Shielding is 
nominally 12 ft of concrete, primarily 
for high-energy neutrons. 
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Fig. 13. Schematic of present beam handling equip­
ment for NBS linac . Identification of 
elements of system: Q-quadrupole magnet, 
T-target assembly, C-coliimator assem­
bly, D-deflecting magnet, V-ali-metal 
vacuum valve, K-steering coil. 

'----------.lJ-t»- - ~~~----. 
L-_-----'J ~ .. 

ROTARY COLLIMATOR 

Fig. 15. Schematic of rotating collimator assem­
bly. Rotating collimators are protected 
by magnetic pickups to insure rotation 
and by infrared temperature sensors 
viewing the beam "bot-spot". 

Fig. 14. View of beam handling equipment in the 
magnet room. 

Fig. 16. View of beam handling system control 
console. 
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