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1. Introduction 

In order to reduce the count-rate of accidental coin- 
cidences and obtain more meaningful data from which 
the reaction kinematics of electron scattering experi- 
ments can be specified, it is necessary that beam duty 
factors be much higher than that normally provided by 
conventional linear accelerators (0.1 percent) and 
preferably comparable to that of electron synchrotrons. 
Also, since the nuclear cross sections of interest are 
small, it is desirable that beams of high intensity with 

nd energy resolution be available. 
!$$;~;;I,% and MIT3 linear accelerators were 
designed to meet the need for this type of high intensity, 
high duty intermediate energy machine. 

In the early part of this decade, when detailed 
design studies were first undertaken to investigate inter- 
mediate energy linear a.ccelerators having duty factors 
10 to 100 times greater than those currently in service, 
emphasis was placed on extending the existing art rather 
than furthering the development of cryogenic techniques. 
Although superconductivity held a promise of achieving 
the ultimate in high duty factor performance, namely, 
cw operation, several considerations of a technical and 
scheduling nature favored the adoption of non-cryogenic. 
methods. The following factors were paramount in 
influencing this decision: (a) a desire for nuclear 
physics experimental programs to be fully operational 
by 1969 - 1970; (b) the need to transfer approximately 
100 kW of average power from the RF fields to the elec- 
tron beam while maintaining a large fraction of the total 
current within a spectrum width of several tenths of 
I percent; (c) pulsed microwave generators with demon- 
strated average power outputs of greater than 100 kW at 
high duty factors were available over a wide range of 
frequencies; (d) the need,with a cryogenic system,for 
extreme stability of the microwave structure and RF 
source; and (e) possible deterioration of the supercon- 
ducting state due to surface irregularities, contaminants, 
field emission and beam spillage, leading to instabilities 
and broadening of the beam energy spectra. The recent 
achievements and future prospects of high duty super- 
conducting electrot,lpear accelerators have been re- 
viewed elsewhere, and the concepts presented in this 
paper refer only to high duty factor systems which uti- 
lize normal disc loaded traveling wave structures de- 
signed to operate over a wide dynamic range of peak RF 
power to provide narrow energy spectra, low emittance 
beams of high intensity. 

2. General Considerations 

In principle, a high duty cycle pulsed system can be 
readily provided by utilizing RF generators which are 
capable of maintaining a high level of average power 
while operating at reduced values of peak power. For 
example, an RF duty factor of 0.125 percent, as obtained- 
with a conventional accelerator driven by klystrons 
having power outputs of 20 RI\V peak and 24 kW average, 

may be compared with the substantially increased fac- 
tor of 2 percent as furnished by RF tubes rated at 4MW 
peak and 80 kW average. Additionally, in acknowledg- 
ing the aarrow pass-band characteristic of the acceler- 
ating structure, klystrons can be designed to operate at 
constant gain and conversion efficiency over a relatively 
wide range of peak power. Thus, for the above example, 
a reduction in peak power from 4 to 1 MW while main- 
taining an average power of 80 kW would provide a 
maximum RF duty cycle of 8 percent. Adoption of this 
technique, however,. imposes unusual technical and 
economic restrictions on the system design because of 
inherent low accelerating field gradients and high levels 
of power dissipation. (Typically, the field gradient will 
be 10 to 30 percent of that normally present in a linear 
accelerator designed for 0. I percent duty.) Since the 
zero-loaded beam energy gain through 
tion can be expressed as V o z (rr*po)l$2wa;;g;de set- 
APO = PO[l-exp(-2T)], for low values of input peak RF 
power (PO) there is a design tendency to compensate 
against energy loss by maximizing the unit length shunt 
impedance (r), the length of the section (m), and the pow- 
er loss (APO) by increasing the waveguide voltage atten- 
uation parameter (T). For some systems, this tendency 
is emphasized further owing to strong economic argu- 
ments which favor multiple waveguide connections per 
klystron. 

2.1 Waveguide Attenuation - 

The choice of a practical maximum valuk for the 
waveguide attenuation depends primarily on the required 
conversion efficiency and the tolerable maximum phase 
sensitivity. These factors are in turn related to, and 
sometimes modified by, the cost of providing a suitable 
high volume, high velocity, temperature regulated water 
cooling system. High current linear accelerators, 
operating with steady-state peak current levels of sev- 
eral amperes, require attenuation parameters as low as 
0. 1 - 0.05 neperG in order to demonstrate conversion 
efficiencies in the range of 90 - 95 percent. Waveguide 
designs of this type invariably satisfy even the most 
stringent requirements for system phase stability, be- 
cause of the low phase sensitivity associated with reduced 
attenuation structures. With high duty cycle machines 
and light beam loading, however, the need to maximize 
energy is more important than the attainment of high 
conversion efficiency, and there is a tendency for the 
attenuation parameter to be increased up to a maximum 
value consistent with the requirements of frequency, 
temperature and phase stability. For light beam loading 
conditions, some guidance in determining this value can 
be obtained from the simple expression AB = 2TQf%f/f 
which relates waveslide phase shift (A@ to change in 
frequency (hf, for a given attenuation parameter and Q. 
As an example, consider a typical 2?r/3 mode, 2856 MHz 
waveguide having an average unloaded Q of 13,000 and 
a phase velocity equal to the speed of light. Then in 
order to limit the waveguide phase shift to, say, 2 
degrees for a 4.8 kHz change in frequency (the equivalent 
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of 0. l°C change in temperature of the waveguide) the 
attenuation parameter must not exceed 0.82 neper. The 
Fig. 1 graphs illustrate the attenuation dependent phase 
shifts caused by a 10 kHz change in frequency for 2?r/3 
mode structures and several design, frequencies. 

Owing to the excellent long term frequency stability 
demonstrated by modern crystal controlled solid state 
RF exciter systems (less than 300 Hz), the degree of 
success in achieving a desired phase stability for a 
given large value of attenuation parameter depends 
crucially on the design of the waveguide water cooling 
and temperature control system. Although maintaining 
the effective temperature of the waveguide within 0. l°C 
is a difficult task with high duty factor machines, due to 
wide variations and high levels of heat dissipation, the 
accurate location of a waveguide metal temperature 
sensor can enable automatic temperature-phase com- 
pensation to be obtained for a wide range of operational 
conditions. This concept involves aspects of waveguide 
construction and heat transfer as well as metal temper- 
ature sensing and beam loading effects and has been 
discussed elsewhere. 2s 3 

2.2 Waveguide Length 

If, for the present, we disregard the optimization 
requirements for the overall system, then for a given 
input power and attenuation parameter the choice of a 
waveguide maximum length is dependent principally on 
fabrication limitations and on the desire to establish a 
particular field gradient along the structure. For 
example, with a constant gradient design7 the RF power 
loss per unit length is maintained at a constant value by 
varying the attenuation along the waveguide. Therefore’, 
for zero beam loading, the power loss per unit length 
at each end of the structure can be related to the total 
length and attenuation by 210Po = 2IlPO exp (-27) = 
PO [l -exp(-BT)]/!. giving 11 = (l-exp(-2~)]/210 and 
lo = 1~ exp (-27) where IO and In are the attenuation con- 
stants at the input.and output, respectively. Thus, in 
order to maximize the waveguide length for a given 
value of T , it is necessary to select the largest permis- 
sible input iris diameter (2a,) as represented by a min- 
imum value of IO. Since the ratio Io/I1 remains constant 
for a given value of r, the above procedure indicates 
that the output iris diameter (Pali) would also tend to a 
large value. This is not always the most desirable 
arrangement, however, and under some circumstances 
the selection of maximum waveguide length may depend 
on the minimum (output) value of iris diameter that can 
be permitted within the system. A situation of this 
nature can occur in the design of a high attenuation wave- 
guide when the associated requirement for a low ratio 
of IO/$ can only be satisfied by a high value of Ii, i.e., 
the selection of a small output aperture. The interde- 
pendence of these relationships is best illustrated by 
considering actual design parameters and several wave- 
guide examples. 

The microwave design data listed in Table 1 were 
obtained from a series of measurements on cold stack** 
circuits of different iris diameter (2a). The geometric 
characteristics of these 2~/3 mode, 2856 MHz cavities 
(as incorporated in the MIT accelerator design) are 
shown in Fig. 2. The group velocity values (v,/c) were c 
computed from a Fourier series representati8n of the 
measured dispersion curves, in a manner similar to 

‘that described by Robson, 8 and then used in conjunction 
with measured values to determine the unit length nttcn- 
uation constants, I = ti/(v,Q). The circuit space bar- 

monies were evaluated from the results of bead pertur- 
bation experiments and this enabled r/Q fey the 
fundamental space harmonics to be obtained from the 
measured values of total r&J. 

Although the discussion which follows refers spe- 
cifically to the waveguide cavity design shown in Fig. 2, 
the principles are, in general, valid for other. traveling 
wave circuit configurations. Based on the Table 1 data, 
an arbitrary selection of typical minimum iris diameters, 
say 2.0, 2.1, and 2.2 cm, allows corresponding lg 
values to be defined as 0.307, 0. 252, and 0.208 ncpes 
per meter, respectively, and this enables the relation- 
ship between 7 and the waveguide length to be deter-- 
mined. The Fig. 3(a) curves show this relationship for 
each of the above mentioned output apertures for con- 
stant gradient conditions at zero beam loading. The 
corresponding dependence of the input iris diameter is 
shown plotted in Fig. 3(b) such that the two sets of graphs 
can be cross-referenced. As an example, a. 27r/3 mode 
2856 MHz waveguide 6.50 meters in length with a total 
attenuation of 0.805 neper and an output iris diameter 
of 2.00 cm is seen to require an input iris diameter of 
3.05 cm. For a constant value of T, the graphs illus- 
trate the need for larger input and output iris diameters 
as the waveguide length is increased; conversely, for a 
given length it can be noted that larger values of T rem 
quire reduced iris diameters. For a minimum iris di- 
ameter in the range 2.0 to 2.2 cm (this value is usually 
determined by beam transmission and circuit pass-band 
considerations) the Fig. 3 curves show that large values 
of T favor long waveguides in the 6 to 10 meter range. 
Increasing the section length, however, eventually re- 
sults in undesirably large input iris apertures. 
Although the upper limit for 2a0 is not uniquely defi!led, 
iris diameters in excess of 3.1 to 3.2 cm exhibit un- 
satisfactory characteristics such as low shunt impedance 
(see Table 1) and large transverse phase gradients 
across the beam-occupied region of the input coupler. 
This latter effect is of particular concern in single port 
side-wall coupled cavities (even when off-set techniques 
are adopted to ensure that the amplitude of the longitu- 
dinal electric field is symmetric about the beam axis? 
and generally requires the adoption of compensating 
rectangular waveguide feeds and localized steering in 
order to minimize undesirable transverse momenta 
contributions and maintain axial alignment of the beam. 

In attempting to optimize a high duty waveguide 
design, the incompatibility of maximizing both the wave- 
guide length and total attenuation can, in most instances, 
be satisfactorily resolved by first determining a max- 

imum value of T as based on the capability of the tem- 
perature control system to match the phase sensitivity 
requirements and then selecting an upper limit of 2a0 
to establish the maximum length. An optimum condi- 
tion is achieved with this procedure when the value of T 
is such that the waveguide length is uniquely defined by 
input and output iris’diameters which correspond to the 
specified maximum and minimum permissible values 
for the system. With the type of structure represented 
by the Fig. 3 curves and for a minimum iris diameter 
of 2.0 cm, for example, this optimum is closely 
approached at an attenuation parameter of 0.87 neper 
and a waveguide length of 7.7 meter. 
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Strict adherence to the constant gradient condition of 
the preceding discussion is often avoided in practice 
since, apart from economic considerations, the use of 
predetermined cavity dimensions established solely on 
the basis of power flow in the fundamental mode precludes 
the adoption of techniques which require local or extended 
variations of the field gradient. The inclusion of higher 
order mode phase shifting regions to counteract regen- 
erative beam break-up is typical of this category, as is 
the avoidance of electric field breakdown due to beam 
induction in accelerators which combine high current, 
low T waveguides with lower conversion efficiency high 
T structures. lo* l1 In considering long waveguides, 
accelerator designers have commonly favored the use of 
a plurality of short length uniform impedance circuits 
interconnected by matched transition zones. Structures 
of this type can closely reproduce the advantageous 
power flow characteristics of a constant gradient design; 
and in addition to some cost savings in the cavity ma- 
chining and stacking operation, this technique enables 
specific higher order mode resonance’characteristics to 
be incorporated in the waveguide to reduce the effects of 
self-induced beam deflecting fields. 2~ 3 For the pur- 
poses of comparison, a number of 2n/3 mode, long wave- 
guide designs of the varying impedance and gradient type 
(with the exception of Darmstadt and SLAC) are shown 
superimposed on the constant gradient curves of Fig. 3(a). 

Finally, not to be disregarded in the selection of a 
maximum waveguide length are important mechanical 
considerations such as the brazing .procedure for the 
overall assembly, the complexity and cost of an accept- 
able RF joint (if used), the difficulty of maintaining a 
satisfactory high vacuum condition throughout the struc- 
ture under the adverse conditions of high d&y operation, 
and the waveguide handling, tuning and alignment 
requirements. 

2.3 Shunt Impedance and Beam Loading 

The benefit of additional energy gain that can be 
derived from the use of a high shunt impedance circuit 
will be dependent on the degree of beam loading required 
for a given application. Since the energy gain of either 
a constant gradient or uniform impedance 
structure can be expressed as V = (rPPO) 1 j 

raveling wave 
2 F(T) .- 

irPF’( 7) , where F and F’ are functions of T Only, and i 
is the peak current, the first term is seen to represent 
the maximum or unloaded energy and the second term 
the regulation or beam loading effect. Thus, 
(V -V)/V, = @1/P,) 
value of T the beam loading parameter i(ri/P,) /’ indi- 

l/2 F’( T)/F( T) , and for a fiven 

cates that the decrement in beam energy, normalized to 
the unloaded energy, increases with total shunt imped- 
mce for a given be’am current and input RF power. An 
increase in shunt impedance of approximately 20 percent 
as obtained, for example, by reducing the number of 
waveguide cells from 4 to 3, i.e., n/2 to 21r/3 mode, 
offers little improvement in beam performance when low 
values of T are used for operation under high conver- 
sion efficiency and heavy beam loading conditions. I2 
nor high duty factor service and light beam loading, 
however, maximum values of shunt impedance are 
tlirectly beneficial, and a 2n/3 mode approaches the 
optimum design for a conventional disc loaded waveguide. 
(‘i’he 2;r/3 mode values of shunt impedance listed in 
Table 1 can be increased by 5 to 10 percent if the added 
complexity of shaping the cavity and reducing the iris 
thirkness can be tolerated. 13) Two other methods of 

increasing the shunt impedance can be mentioned 
briefly; viz. , increasing the system frequency and/or 
using standing wave cavities. 

The room temperature scaling laws r ol f1i2 and 
Q a’f-112 could be exploited by constructing, say, 
5712 MHz C-band traveling wave structures. Als by 
expressing the phase sensitivity as A6/Af u Tf- 39i 
for the same controlled range of waveguide metal tlm- 
perature, i.e., constan 
be proportional to .f-lf2 

Af/f, the phase error would 
indicating that at this higher 

frequency the attenuation parameter could be increased 
by 40 percent for the same phase shift. These benefits 
are more apparent than real, however, since in 
attempting to take advantage of them severe design 
;,e,“;~;s=&y ~>yt=;;$, ;h;;;yy;;y 

promises involving these higher attenuation constants 
and scaled-down iris dimensions tend to favor shorter 
waveguides; and when the average power requirements 
of high duty operation are taken into consideration, 
abnormally high levels of heat dissipation are usually 
encountered due to the reduced surface area. Under 
these conditions a highly sophisticated cooling system 
is required to adequately control the cavity surface 
temperatures (especially the thin dies) , or alternatively, 
the waveguide dissipation can be reduced by increasing 
the number of sections, RF feed losses, and system 
complexity. These are non-trivial tasks in the design 
and construction of long multi-section machines, and 
they constitute a distinct disadvantage of the high fre- 
quency approach. 

The Los Alamos development of side-wall coupled 
cavitiesI is a notable example of the increased shunt 
impedance that can be provided by standing wave struc- 
tures. These cavities demonstrate unit length shunt 
impedance values which are 40 to 50 percent higher 
than comparable traveling wave circuits and have un- 
loaded Q values of 15,000 to 20,000 at S-band frequen- 
cies. However, for machines which operate under 
limited pulse length conditions the protracted build-up 
time of the accelerating fields places a restriction on 
the narrowest attainable energy spectrum. For exam- 
ple, if the retarded impedance mis-match effects during 
build-up are disregarded, the growth of the cavity 
fields can be expressed as Et 7 E. [l - exp (-wt/2QL)] 
where Et is the electric field strength at time t after 
commencement of RF source excitation or beam per- 
turbation, E 
loaded Q of t ?l 

is the steady-state value, and QL is the 
e structure which equals half the unloaded 

Q for a matched circuit. Thus, for a frequency of 
2856 MHz and a loaded Q of 8000, build-up times of 
4. I and 6.2 psec are required for the field levels to 
attain 1 percent and 0.1 percent, respectively, of the 
steady-state value. On the other hand, a high attenu- 
ation traveling wave circuit operating at the same 
frequency can provide beam energies within 0.1 per- 
cent of the steady-state value after a delay of only 1.8 
to 2:2 c(sec, including allowance for delayed beam in- 
jection and small transients which remain after expir- 
ation of one fill time. Since the prime method of 
obtaining high duty factor performance with linear 
accelerators of the Saclay and MIT type is by operation 
with RF pulse lengths within the range of 5 to 15 psec 
and at repetition rates of several thousand pulses per 
second, the above example showing a loss of 3 or 4 
psec as afforded by the use of high Q standing wave 
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cavities renresents a dutv factor and/or resolution re- d length and total installed average RF power is required 
striction of substantial proportions. Although various 
means are available to increase the rate of field growth 
in standing wave circuits such as the use of adjustable 
coupling networks and boosted pulses, the added com- 
plexity of system components and controls and the loss 
of operational flexibility (and in some cases maximum 
beam energy) are discouraging factors. 

for the 4 MW, 1.8 percent duty system, as compared to 
the conventional machine, but the lower values of peak 
current (reduced from 150 to 8.4 mA) reveal the marked 
loading reduction that can be achieved. In comparing 
the high duty factor four and two section per klystron 
modules, the reduced RF power and increased acceler- 
ator length relationships are indicative of the need for 
the aforementioned optimization procedure. In some 
instances a very satisfactory compromise between 
accelerator capability and initial capital outlay can be 
established by combining the attributes of both the two 
and the four section per klystron modules in the same 
accelerator system. This approach has an added attrac- 
tion in that the machine can be uprated at a later date, 
with minimum disruption to the facility, by adding klys- 
trons and retro-fitting a portion of the rectangular wave- 
guide network. Table 2 also lists data for beam duty 
factors of 4.8 and 5.8 percent as obtained by reducing 
the klystron peak power. This enables the peak current 
to be reduced further while maintaining an average cur- 
rent of 150 PA, but the lower peak RF power results in 
a heavy loss of beam energy and a slight increase in the 
beam loading derivatives. 

Returning to the subject of beam loading, a partic- 
ularly advantageous characteristic of a high duty cycle 
machine is that despite inherent low field gradients the 
accelerator will be subject to less beam loading than a 
conventional low duty, high gradient machine having 
the same beam energy and power. Th s is indicated by 
the beam loading parameter i(rf/P )l 2 which, for a 
given waveguid 

PA f’z 
‘design, requires td e peak current to be 

reduced as in order to maintain a fixed degree of 
beam loading as the peak power level is lowered. How- 
ever, for a given average current the peak current and 
peak power vary inversely with duty factor,causing the 
beam loading derivative to be reduced as the square 
root of the increase in duty factor. In practice, an even 
greater reduction of this loading can be obtained by the 
use of RF generators which combine reduced peak pow- 
er ratings with increased average power ratings to pro- 
vide larger duty factors than those obtained by peak 
power reduction alone. Duty factors 20 to 80 times 
greater (with peak powers only 5 to 20 times lower) than 
those normally associated with high gradient machines 
can be demonstrated in this manner. Consequently, 
even when using multiple sections per klystron and very 
long waveguides, the beam loading derivative can be 
markedly reduced when operating under high duty cycle 
conditions. While having a distinct influence on the 
optimization of the overall system, this characteristic 
also contributes in no small measure to the attainment 
of low emittance, narrow energy spectra beams (see 
section 2.5). 

2.4 System Optimization 

The costly involvement of installing and operating 
RF transmitters with high average power ratings in- 
variably demands that a carefully considered economic 
and technical compromise be adopted by trading-off duty 
factor for beam energy and capital outlay. Clearly, an 
initial objective is to minimize the number of RF gener- 
ators and attempt to compensate for the ensuing loss of 
beam energy by lengthening the accelerator. In general, 
a reasonable compromise is approached when the savings 
due to reducing transmitters approximates the cost of 
additional waveguides, associated vacuum and water 
cooling systems, real estate and housing facilities. An 
advantage which becomes evident during-this optimiza- 
tion procedure is that the reduced beam loading at high 
duty results in a much lower value of maximum or 
unloaded beam energy than a conventional machine of the 
same average beam power and loaded energy. The 
Table 2 data illustrate this feature in a comparison be- 
tween modules of an existing, 0.1 percent beam duty, 
high gradient machine and a typical high duty factor sys- 
tern. The comparison is made on the basis of the same 
attenuation parameter (T = 0.82 neper) , average beam 
current (I50 PA) and loaded energy (400 MeV) and shows 
the interdependence of duty factor, beam loading, accel- 
erator length and RF power taking into account RF losses 
in the feed system. In considering two sections per klys- 
tron, it can be noted that a large increase in accelerator 

2.5 Beam Energy Spectrum 

Before outlining the principle design parameters of 
the MIT and Saclay accelerators, a brief discussion on 
the problems of attaining narrow energy spectra may be 
useful in placing several aspects of high duty factor 
operation into better perspective, The ever-increasing 
nuclear physics need for beams of higher intensity and 
resolution has encouraged, in fact has been primarily 
responsible for, the continual improvement of acceler- 
ator performance over the years. The advent of high 
duty factor systems operating with long pulses, low 
levels of beam loading, reduced klystron voltages and 
hard tube modulators, brings with it the possibility of 
yet a further improvement in beam resolution. Present 
day design objectives deal with the problems of achiev- 
ing large fractions of beam current in l/10 percent 
energy bins in order that experiments can be conducted 
meaningfully with resolutions as low as l/100 to l/1000 
percent. 

Apart from alleviating the beam emittance ‘and 
space charge difficulties normally encountered in the 
design of injection systems, the lower peak current at 
high duty factor assists in reducing several of the more 
serious contributions to beam energy spread. To illus- 
trate three typical examples, namely, the effect on 
beam energy due to peak current and RF power fluctu- 
ations, the transient contribution due to fill-time elec- 
trons, and the reactive phase distortion due to non- 
optimum phasing at entry to the waveguide, a comparison 
can be made between an existing 0.1 percent beam duty, 
high gradient design [Adone (Frascati) long sections, 
refer to Fig. 33 and modules of a high duty factor sys- 
tem (MIT long sections, refer to Fig. 3 and Table 5) 
for the same average beam current (I50 PA) and wave- 
guide filling-time (TF = 1.2 psec). 

2.5.1 Peak current and RF power and phase 
variations. With a conventional traveling wave accel- 
erator the percentage change in loaded beam energy 
(AV/V) due to a given percentage variation of either the 
peak current (Ai/i) or the input -RF power (APO/PO) in- 
creases as the absolute value of the peak current is 



-5- 

raised. These variations can be related to spectral - 
quality by differentiating the beam ‘energy equation 
(see sectio 2.3) togive ZV/ai = -~BF’(T and N/aPO 

~r!~%$~(APO/P )(r!.PO)lL F(T)/i2v)g’ ’ g AV/V 
F(T)/~, thus AV V = -(hi/i) irllF’(T)) /V 

=- (hi/i) [(VO/V) - $ and AV/V = (APO/P~~~O/(2$ The 
equations show that the change in beam energy AV/V, for 
a given value of Ai/i or APO/PO, increases as V is re- 
duced by beam loading. For example, at 11 percent 
loading AV/V = -(l/B)(Ai/i) = (9/16)(APO/PO), at 25 per- 
cent loading AV/V = -( 1/3)(Ai/i) = (2/3)(APO/P ), and at 
maximum conversion efficiency (VO = 2V), AV P V = 
- Ai/i = APO/PO. The relaxation of Al/i and APO/PO 
tolerances afforded by the reduced beam loading condi- 
tions of high duty factor operation is shown in Table 3 
for the two above-mentioned systems and a change in 
beam energy of 0.1 percent. Since in practice it is dif- 
ficult to achieve peak current stabilization of less than 
1 percent during the pulse, these larger values of toler- 
able Ai/i are most advantageous when maximum beam 
transmission through narrow energy analyzing slits is 
desired. Because the absolute values of peak current 
at high duty factor are low, it is necessary to restrict 
Ai to approximately 100 /LA to meet the 0.1 percent 
AV/V condition listed in Table 3; and this requires the 
well-stabilized injection of cleanly-defined (chopped) 
small bunches of optimally-phased electrons. At 100 PA, 
the tolerable variation in peak current is one to two 
orders of magnitude above the level normally encountered 
due to field emission in the vicinity of the first input 
coupler!5 however, with increasing duty cycle and field 
gradient, as can be expected with superconducting 
machines, this phenomenon could eventually limit the 
further improvement of spectral quality. 

Even though reduced beam loading conditions permit 
relasation of the RF power stability tolerances, the 
demonstration of AP 
in Table 3 requires tie klystron voltage (VK) to have P 

/PO values as low as those indicated 

stringent flat-top, droop and ripple, pulse speci ications. 
Under space charge limited conditions (I CC VK~ 2 f&the 
klystron beam power will be proportional to VK~/ , and 
for constant efficiency the RF power will follow the same 
law. A change in klystron cathode voltage can therefore 
be related to the corresponding RF power variation and 
beam energy spread AP/P = (5/2) (AVK/VK) and 
AV/V = (~VO/~V)(AVK/VK). Thus in order to satisfy a 
0.1 percent spectral variation, as shown in Table 3, the 
klystron cathode voltage fluctuations (AVK/V& should 
be less than 0.06 percent for the low duty case and 0.071 
and 0.077 percent for the two high duty cycle examples, ’ 
respectively. Fortunately, these difficult requirements 
can be relaxed slightly since the stored energy in the 
accelerator structure prevents the beam from fully re- 
sponding to those RF power amplitude perturbations 
which have time constants small in comparison to the 
waveguide filling-time. 

In discussing beam spectra contributions due to klys- 
tron voltage variations, it is appropriate to note that the 
corresponding RF power fluctuations are accompanied 
by phase shifts which are caused by variations of the 
electron transit-time between the klystron input and out- 
put cavities. The klystron phase shift (AOK) over a 
given trajectory (S) can be obtained by differentiating the 
equation +K = 2K@3,XO), which relates transit phase 
angle ($0 and electron velocity (pet), to give S+K/~VK* 
= (Z/?VK) (2.r;Sy(y2-1)-1/2/X0), where the electron 

y;&vH, 
est mass units is y= 1 + Vy(keV)/511 = 

This then gives the relativistically cor- 
rected phase shift for small fluctuations of vK as AQK 
= - (AVK/VK) (2nS(y - l)(r2 - l)-3/2/Ao). As an example, 
with a free space wavelength of 10.5 cm and a drift length 
of 35 cm, a AV /VK variation of 0.1 percent produces 
klystron phase s ifts of 0.70 and 0.89 degrees for cathode 5 
potentials of 130 and 90 kV, respectively. Since a de- 
crease in cathode potential is accompanied by a reduction 
of RF power as well as a lag in phase at the accelerator 
input coupler, it is possible, at least in principle, to 
arrange for cancellation of the beam energy variations 
produced by these effects. For example, if the bunch 
is positioned at a phase angle (6) immediately behind the 
crest of the accelerating field such that at the upper 
limit of klystron cathode voltage (VK + AV 
in field strength (AE) is cancelled by the a if 

) the increase 
Vance of the 

wave (A$,), and vice versa, then the beam energy con- 
dition at each limit of VK can be equated as sin(d + AGK) 
;Et;AE; = sin (6 - A+,)(E - AE) giving AE/E = - cotan 

. In applying this to the above example, for 
a 0.1 per%ent change in klystron cathode voltage and a 
0.89 degree phase shift, since AE/E = 5AVK/4V 

Ts 
(at 

i = 0), the value of 6 required to compensate for earn 
energy variation is given as -94.8 degrees, i.e., 4.8 
degrees behind the crest (see Fig. 5(a) for the phase 
angle convention). This example assumes negligible 
beam loading. and when moderate values of peak current 
are used,the reactive phase shift and space charge ef- 
fects must be taken into account. The klystron and ac- 
celerator waveguide phase relationships discussed above 
assume that the interconnecting rectangular waveguide 
networks operate under phase stable conditions; and it 
should be noted that the thermal coefficient of phase 
change of thick wall, S-band, evacuated rectangular 
waveguide is 0.084 degree/OC/m at 2856 MHz. (The 
coefficient is due to two cumulative contributions be- 
cause both the waveguide physical length and the wave- 
guide wavelengths change with tempera,ture,and the re- 
sulting phase shift effects are additive.) This indicates 
that for phase stable operation (A# < i 1 degree) with 
long interconnecting waveguide runs (20 - 40 m), as com- 
monly required in high duty factor systems, the average 
metal temperature variation for a given network should be 
maintainedwithin approximately* 0.5oC. Since high levels 
of dissipation are commonly encountered, it is desirable 
that metal temperature sensors beutilized for close,rI loop 
control of the cooling systems andthat the waveguides be 
thermally insulated. 

Finally, it should be noted that the problem of mini- 
mizing thermally induced long term phase shifts caused 
by klystron beam interception is especially important 
in high duty accelerator systems since operation over a 
wide range of average power can result in large varia- 
tions of body dissipation. For an operational adjustment 
of, say, 10 to 1 in average power, and a normal beam 
interception figure of a few percent, the klystron body 
average current can vary from approximately 10 to 100 
mA. Even though the intercepted electrons have low 
energies, average currents of this magnitude cari cause 
the body dissipation to vary from approximately 200 to 
2000 watts; and in order to achieve phase stabilily under 
these conditions, an effective cooling system for the RF 
cavity and drift tube assemblies is aa essential prereq- 
uisite. 
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2.5.2 Transient contributions due to fill- time 
electrons. %nce the,filling-time is constant for a given 
waveguide, the contribution to energy spread due to 
transients becomes less important as the beam pulse 
length is increased. Also, for high duty factor systems 
with long pulse capability, there is usually little concern 
regarding a small loss of beam pulse length, and full 
advantage can be taken of minimizing the transient by 
delaying the injected current with respect to commence- 
ment of the RF pulse. The spectra1 improvement gained 
from this procedure depends on the degree of beam load- 
ing as illustrated in Fig. 4. This figure compares the 
transient beam loading characteristics of the 0.1 and 
1.8 percent duty systems listed in Table 3 for a range of 
beam delay times (t d) extending from Zero Up t0 Onf? 
fill-time (TF). In lg. 4(a), the large transient energy 3P 
spread associated with the heavier loaded system is re- 
duced to a total bin of approximately 14 percent with a 
beam injection delay of 0.5 TF whereas a beam delay of 
0.8 TF for the high duty example of Fig. 4(b) limits the 
total AV/V to 7 percent. Although energy spreads of this 
magnitude result in a foreshortening of the analyzed 
pulse and are too large for most experimental purposes, 
an improvement in the overall performance of multi- 
section machines can be demonstrated with this technique 
by programming the RF transmitter tri gers to provide 
partial cancellation of the transients. 16: 

2.5.3 Reactive phase distortion and bunch width. 
If a small bunch of relativistic electrons is phase dis- 
placed slightly from the peak position of the accelerating 
field at entry to a correctly tuned waveguide operating with 
a phase velocity equal to c, then interaction between the 
applied and beam-induced electric fields will result in a 
beam loading phase shift between the total RF field and the 
bunch. Regardless of whether the entry phase is behind or 
ahead of the crest, the initial phase difference will in- 
crease continually with distance along the structure at 
a rate dependent on the peak current, applied field and 
phase position of the bunch centroid at entry to the wave- 
guide. This increasing phase displacement occurs be- 
cause the in-phase component of the circuit field is 
reduced by both beam loading and copper losses whilst 

tan 6 = tan So + irr/(Eo cos 60) . 

The reactive phase shift dependence on entry phase angle 
and beam loading is shown in the Fig. 5(b) graphs of entry 
phase versus emergent phase for the two waveguide de- 
signs compared in Table 3. The previously used pea!{ 
current value of 8.4 mA for the high duty factor example 
(to match the 150 PA average current of the 0.1 percent 
duty system) has been increased to 25 mA in this com- 
parison so that extreme examples of phase shift and 
energy spread can be considered. For the low duty fac- 
tor system, operating at an input RF power of 9.8 MW 
and a peak current of 150 mA, entry phase displacements 
from crest of 2 and 5 degrees result in emergent phase 
displacements of 7 and 17 degrees, respectively. With 
the high duty factor system operating at 1.8 MW input 
RF power and a peak current value of 25 mA, similar 
initial phase displacements of 2 and 5 degrees cause 
emergent displacements from crest of only 3 and 7.5 
degrees, respectively. When operating at a given aver- 
age beam current, the reduced reactive distortion of the 
lighter loaded machine indicates that beam spectrum 
contributions due to system phasing discrepancies will 
be lower for the higher duty factor accelerator. 

Since the beam energy spread due to reactive dis- 
tortion grows rapidly with small increasing initial phase 
displacements, it is necessary that phase drifts during 
the pulse be reduced to an absolute minimum in order to 
achieve high resolution performance. In this regard, 
attention must be directed at limiting the klystron cathode 
voltage droop (especially if long pulse operation is nec- 
essary} and avoiding the introduction of phase drifts 
from the klystron driver. Some reduction in beam ener- 
gy spread due to klystron voltage droop can be obtained 
by phasing the bunch behind the crest since not only does 
the phase lag tend to compensate the loss in gradient _ . 

the quadrature component is attt?nUatC?d by Only Wall IOSSeS. (See Section 2.5.1) but the fOrwad migration 01 the 
The effect is shown vectorially in Fig. 5(a) for the indi- bunch,due to the drooping pulse, tends to oppose the re- 

active phase shift. However, even a small phase over- 
shoot of the bunch ahead of the crest at entry to the 
waveguide will result in subsequent phase slippage and 
energy spread due to reactive distortion. The beam 
energy spread AV/V due to small entry phase shifts is 
shown in Fig. 6 for the 1.8 percent duty example of 
Fig. 5(b) and a range of input RF peak power levels from 
1.8 to 0.2 MW. These curves take reactive phase shift 
effects into account and apply to particles located at the 
centroid of the bunch (for i = 25 mA) whereas the com- 
parative graph for the unloaded condition refers to 
single particle energies and therefore reactive dis- 
tortion effects are not considered. The total 
energy spread due to all particles in a relativistic bunch 
of width A8, centered about the crest, can be determined 
from the small angle’approximation AV/V = 1 - cos( A6/2) 
4 - (AS)2,‘8. At zero beam loading, therefore, the 0. I 
percent AV/V produced by an on-crest 5 degree bunch 
will increase by [2( 2.5 + 2i) 2/52 to 0.31 percent for a 
2 degree phase drift during the pulse, whereas a 2 de- 

.gree bunch subject to the same phase drift will cause 
AV/V to increase from 0.02 to 0. I4 percent. These 

‘the expression 

tan 6 = tan 6. + ir(exp T - l)/(Eo cos 69) 

where E. i,s the amplitude of the fundamental component 
of longitudmal electric field at entry to the waveguide. 
In the case of a constant gradient design (at i = 0) , the 
above relationship can be expressed as 

cated phase convention of 6 = - n/2 at the peak of the ac- 
celerating field. For an initial phase angle 6. # - n/2 
and a total electric field Eo, at a given distance along 
the waveguide the in-phase component of field E is re- 
duced to Ei by the normal copper losses and by t he grow- 
ing beam-induced field EL. On the other hand, the quad- 
rature component E2 is reduced to E$ by the copper 
losses only. Thus the original total field vector rotates 
further away from them-phase vector and is reduced to 
E’ in accordance with the dissimilar reductions of El and 
E2., The rotation of the total field vector to a new phase 
position represents a reactive phase shift or distortion 
of the circuit wave due to the presence of charge in the 
structure. For resonant frequency operation under cor- 
rectly tuned conditions, the beam loading phase shift is 
such that when the centroid of the bunch is located at 
- n/2 < 6 < n/2, the wave will slip back with respect to 
the bunch, and when located at 6 < - n/2 or 6 > r/2, the 
wave will advance with respect to the electron bunch. 

For a constant impedance waveguide the emergent 
phase angle 3 can be related to the entry phase 89 by 



results can be obtained directly from the zero beam 
loading curve of Fig. 6 by selecting a so displacement 
from the crest which equals the phase drift plus half the 
bunch width. Since the AV/V values for the beam loaded 
examples refer to particles located at the centroid of the 
bunch (obtained by integrating the changing field ampli- 
tude, due to copper loss and reactive phase shift, during 
traversal of the structure), the contributions due to the 
finite width of the bunch must be added, as before, to 
obtain the total AV/V. 

In realizing the practical difficulties of limiting 
phase drifts during the pulse to less than I or 2 degrees 
and taking the above effects into account, it is apparent 
that the demonstration of large fractions cf current with- 
in f 0.1 percent of AV/V requires that the bunch be con- 
fined within a very narrow region of longitudinal phase 
space, preferably less than 2 degrees. 

2.5.4 Space charge longitudinal fields and low gra- 
dient operation. With a low gradient, high energy reso- 
lution accelerator, the longitudinal space charge fields 
generated by small bunches of electrons can contribute 
significantly to the beam energy spread, even when 
relatively low values of peak current are used, if the 
bunch is phased at or near the crest of the wave before 
a sufficiently high beam energy is attained. Ideally, the 
electron energy spread will be reduced to a minimum 
when the centroid of the bunch is located ahead of crest 
at a phase position such that, for a given accelerating 
field strength, the applied gradient over the length of the 
bunch is always sufficient to counteract the longitudinal 
field gradient due to space charge. In considering elec- 
tron energies greater than 10 MeV, de-bunching effects 
can be neglected,and evaluation of the space charge fields 
enable the centroid phase position to be determined from 
a knowledge of the circuit field strength and bunch length. 
In practice, non-uniform charge density distributions 
and irregular bunch geometry lead to asymmetric and 
non-linear space charge field distributions within the 
bunch. A reasonable approximation can be obtained, 
however, by assuming a spheroidal bunch model of uni- 
form charge density. Then, for a small bunch, A6’ 
long, the space charge field gradient will be counteracted 
by the applied gradient when Es, = E, cos S, sin(As/z) , 
where 6 is the phase position of the bunch centroid, and 
E and%?, are the terminal space charge and circuit 
f#d strengths, respectively. This relationship provides 
an indication of the allowable proximity of the bunch to 
the crest for maintaining a minimum energy spread con- 
dition. As an example, the Fig. 7 curves show the near- 
est centroid phase position (8,) that can be permitted 
for beam energy values up to 100 MeV, and a typical high 
duty operational field strength of only 20 kV/cm. The 
space charge calculations were based on a spheroidal 
bunch model of uniform charge density containing 5.5 
x 107 electrons (25 mA at 2.856 GHz) . An interesting 
conclusion drawn from these curves is that low field gra- 
dient operation with small bunches and moderate beam 
loading requires ahead-of-crest phase location over a 
considerable length of the machine if space charge energy 
spread contributions are to be avoided. The degree of 
relaxation afforded by increasing the bunch diameter or 
reducing the peak current is also shown in Fig. 7 for the 
2 degree bunch example. A space charge requirement 
that the bunch be located ahead of the crest,when tra- 
versing the waveguide sections at the beginning of the 
machine, is contrary to the requirement for pulse droop 
and reactive phase shift compensation, and emphasizes 
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the need 
-spectral 

The 

for a comprehensive means of analyzing the 

influence of these various effects. 

3. Principal Design Parameters 

design characteristics of the Saclay and MIT . . _. - .- accelerators are listed in Tables 4 and 5, respectively. 
Hard tube modulators were chosen in both systems as 
the method most likely to demonstrate reliably the high 
quality specifications and also because of the need for 
high repetition rates. The systems differ, however, in 
that the Saclay modulator design makes use of a pulse 
transformer and two switch tubes to provide high voltage 
pulses for the klystron cathode while the MIT transmitter 
design utilizes two paralleled switch tubes in series con- 
nection with each klystron for direct high voltage switch- 
ing. These series switch tubes are gridless and utilize 
magnetron injection gun geometry with the cathode well 
protected from arcs. A high plate resistance is an 
essential characteristic since it provides the regulation 
necessary for meeting the jitter and drift specifications 
and allows economy in the energy storage capacitor 
banks. The plate resistance of the two switch tubes in 
parallel is more than twenty times the dynamic imped- 
ance of the klystron. The relative merits and technical 
details of the two different transmitter systems have 
been discussed elsewhere?, 3 and additional information 
is shown in Tables 4 and 5. The capability of continuously 
varying the peak RF power and pulse length over the 
entire dynamic range of the system is an important fea- 
ture of the direct series switching approach. With a 
given maximum rating of average RF power, the selec- 
tion of a peak RF power operating level automatically 
defines the maximum permissable duty factor, and this 
can be achieved with many combinations of pulse length 
and pulse repetition rate. For example, the broken 
curve in Fig, 8 depicts the inter-relation between max- 
imum RF duty factor and peak RF power for the MIT 
transmitter design; and the full curves compare the 
limiting values of peak RF power and repetition rate for 
different values of RF pulse length. 

The following sections contain brief descriptions of 
the RF system and beam centerline components of the 
MIT accelerator, further illustrating some of the de- 
sign problems common to high duty factor machines. 

4. RF System 

The microwave distribution system and arrangement 
of accelerator waveguides for the MIT project are shown 
schematically in Fig. 9. At high duty factor, the provi- 
sion of a reliable, phase stable RF drive system extend- 
ing over the full length of the accelerator presents a 
severe design problem owing to the high levels of power 
dissipation. One method of avoiding this problem, and 
thereby enabling the desirable features of a coaxial line 
to be retained, is shown in Fig. 9. (Since vg can be 
closely approximated to c, and because of low disper- 
sion characteristics, a coaxial line is more tolerant to 
small changes of frequency and temperature than a rec- 
tangular waveguide, and is advantageous for electron 
beam phasing purposes.) Drive power for the main klys- 
trons is obtained from intermediate klystrons which are 
excited via a common coaxial line from a master RF 
driver. While this technique offers several distince 
advantages, especially the very low power rating per- 
mitted for many of the components, extreme care must 
be taken to avoid radiative feedback into what is 
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essentially a long distributed 160 dB cascaded amplifier _ transverse momenta contributions to the beam, due to 
system. A potential source of interference is the RF 
leakage associated with isolated collector high power 
klystrons; and low-level drive line components such as 
couplers, flanges, etc. should be well shielded and/or 
remotely located in a shielded duct. 

The RF master exciter consists of a tunable phase- 
locked crystal-controlled solid state oscillator which 
drives a water-cooled klystron. All phase-lock and 
oscillator components are oven controlled for high sta- 
bility, and pin-diode modulation capability of the oscil- 
lator output (400 mw) enables optional cw or pulsed 
operation of the klystron. The klystron is rated at 1 
kW cw, requires a drive of 200 mW and is energized by 
a remotely adjustable 8 kV regulated dc power supply 
having a ripple voltage specification of less than 0.01 
percent peak to peak. Power from the main l-5/8 inch 
coaxial drive line is coupled out at five locations along 
the machine (via adjustable attenuators) to excite a 
series of 1 kW klystrons,each of which provides drive 
for two high power klystrons. With this approach, even 
at 10 percent duty, the total dissipation in the main 
drive line is limited to less than 70 watts, and the drop- 
out lines (2 W peak) and components connecting to the 
driver klystrons operate at an average power of a few 
hundred milliwatts. The five driver klystrons are iden- 
tical in design to the master driver klystron and are 
similarly energized from highly stabilized dc power sup- 
plies. Thus, all driver klystrons operate with dc beams 
and derive pulsed input RF signals from a trigger-logic- 
controlled modulation of the master oscillator output. 
This drive system concept was chosen as the most likely 
to reliably provide a 1 degree phase stability for the 
main klystron drive signals as well as for the main drive 
line in its role as a master reference for phasing the 
accelerator. (The master oscilIator provides a cw low 
level signal which is also available for this purpose.) 
The support and stabilization of long coaxial drive lines 
have been discussed elsewhere, 17 and it is sufficient to 
note here that the.180 meter MIT main drive line re- 
quires an ambient temperature control within f 0.5’C 
and a gas (dry N2) pressure stabilization of less than 
rt 0.1 psi. 

The high power klystrons are of 5 cavity construction, 
requiring a peak RF drive of approximately 50 watts, and a 
single output feed is used with the waveguide terminated in 
a half wavelength (solid block) water-cooled ceramic 
window. A short section of thick-wall, pressurized 
waveguide, terminated with a similar RF window, con- 
nects the klystron to the evacuated rectangular wave- 
guide system. This section serves the dual role of pro- 
viding additional cooling for the klystron window (average 
power 80 kW) and enabling klystron replacement without 
disturbing the vacuum system. It also provides a con- 
venient location for the four directional couplers used 
for RF protection and monitoring purposes. The evac- 
uated rectangular waveguide networks are similar to 
those used at SLAC, with the exception that an extra water 
cooling channel has been added to the high power sections 
between the klystrons and the power splitters. Metal 
temperature sensors are provided on various branches 
of the network to limit phase excursions during opera- 
tion by automatically controlling the inlet water temper- 
atures. RF monitoring couplers are located on either __ 
side of the driver and main klystrons and in the rectan- 
gular waveguide feeds immediately prior to each accel- 
erator waveguide input codpIer. In order to minimize 

coupler asymmetries, the rectangular waveguides are 
arranged as vertical input feeds from above (A) and be- 
low (B) the 22 accelerator structures in an ABBA BAAB 
ABBA BAAB BA BAAB configuration, as shown in Fig. 
9. To further cancel the effects of coupler asymmetry, the 
input and output RF feeds are located on the same side of 
each accelerator waveguide; and, to provide local correc- 
tion, two pairs of beam steering Helmholtz coils are lo- 
cated at each input coupler, In keeping with a philos- 
ophy to avoid unnecessary evolution of gas within the 
vacuum system, especially during long pulse operation, 
the accelerator waveguide output feeds are connected to 
water loads which are isolated from the vacuum by two 
quarter wavelength ceramic windows separated by a 
short section of air-filled rectangular waveguide. 
Again, this section serves the dual purpose of providing 
a convenient location for the output RF power monitor 
and avoiding a catastrophic situation in the event of a 
window failure. Since there are no high power phase 
shifters in the system, reliance is placed on the accurate 
determination and manufacture of the rectangular wave- 
guide lengths and on final tuning of the waveguides after 
installation to provide correct phase relationships with- 
in individual networks. la A set of coaxial cables run- 
ning alongside the temperature controlled main drive 
line will enable RF signals from the various monitoring 
couplers to be conveyed directly into the control room 
by remote operation of coaxial switch combinations. 

5. Accelerator Waveguides 

Two series-connected accelerator waveguides, com- 
prising a portion of the injector, are followed by four 
short (3. ‘7 m) and eighteen long (7.4 m) waveguide sec- 
tions. The klystron interconnections and the waveguide 
layout are shown in Fig. 9, and the waveguide details 
and beam specifications are listed in Table 5. The 
first klystron is reserved for the injector, and the sec- 
ond and third klystrons excite two short sections each 
to provide a maximum gradient of 50 kV/cm (at an RF 
duty factor of 2 percent) at the beginning of the machine. 
The long waveguides are connected such that five klys- 
trons service ten sections and two klystrons the last 
eight sections. The waveguide sections are divided into 
various groups (designated AA through D, see Fig. 9) 
which are similar in mechanical design but differ in 
microwave characteristics, as described below. With 
the exception of the injector buncher section, each wave- 
guide contains eleven uniform, 21r/3 mode segments of 
increasing impedance, interconnected by transition 
regions. 

Each long waveguide uses 100 gpm of de-mineral- 
ized water passing in reverse direction through a uni- 
flow configuration of eight, full-length, 16 mm inner 
diameter cooling tubes which are silver brazed to the 
outer wall of the waveguide. A flow of 100 gpm and a 
uniflow cooling design were also chosen for the 3.7 m 
waveguides; but in order to obtain a comparable per- 
formance with the higher loss per unit length of these 
short sections, twelve, 11 mm inner diameter, full length 
tubes were specified, i.e., a water velocity of 555 cm/ 
sec. Metal temperature sensors are located at unique 
positions on the waveguides to provide phase shift cor- 
rection for a wide range of beam loading and average 
RF power settings by automatically controlling the in- 
let water temperature. 3 The longitudinal location of 
the temperature sensing bulb depends on the particular 
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waveguide design and on the direction of water flow along 
the section. Each short waveguide is connected for for- 
ward flow and has a sensor located 2.3 meters from the 
input coupler. For the long sections and reverse water 
flow, the distance of the sensor from the input coupler 
varies from 5.15 meters for the first group of waveguides 
(A) to 3.1 meters for the last group (D) . The effective 
azimuthal location of the sensor bulb is approximately 
10 degrees from the centerline of a cooling tube, and the 
brazed sensor assembly is provided with a thermal radi- 
ation shield. Each accelerator waveguide is housed in 
a separate stainless steel vacuum jacket19 having an 
inner diameter of 16.5 cm, and individual cavities are 
provided with eight pump-out holes, as shown in Fig. 2. 

5.1 Beam Breakup Considerations and Microwave Design 
Details 

The cumulative type of beam breakup experienced 
and subsequently identified at SLAC20 is of particular 
interest to the designers of high duty factor linear accel- 
erators because the low gradient, long pulse operational 
requirements are conducive to this phenomonen and could 
result in a serious limitation of peak current. For 
example, the MIT machine specification of 60 kW of beam 
power at 400 MeV and 1.8 percent duty requires the 
demonstration of a peak current of 8.4 m-4 over a range 
of pulse lengths up to 14 ksec; and an extrapolation based 
on SLAC experience, under conditions of weak focusing, 
suggested that a cumulative beam breakup threshold 
value of between 5 and 10 mA could be expected, As a 
consequence, several microwave design approaches were 
investigated with the aim of elevating the threshold value 
to a safe level. A design value of 50 mA was chosen 
as a goal since the low gradient waveguides at the end of 
the machine (four sections per klystron) have an i, 
value of 60 mA when the klystron is operated at the spec- 
ified maximum RF peak power of 4 MW. Since, for a 
given accelerating gradient and charge per pulse, the 
cumulative type of beam breakup is strongly dependent 
on the number of identical resonant elements which can 
interact with the beam and on the HEMI transverse 
shunt impedance, 210 22 the investigations were concen- 
trated on means of reducing the coherency lengths, and 
on HEMI Q-spoiling techniques. In regard to the for- 
mer, an obvious approach is the interspersion of wave- 
guides with different HEM11 resonant characteristics 
along the machine; and this technique was adopted for 
both the Saclay and MIT projects. With these machines, 
a constant 2n/3 phase shift per cavity fn the TMOl mode 
was maintained, and the HEM11 resonant values were 
varied by suitable selection of the iris aperture dimen- 
sion (2a) and the cavity diameter (2b). Typical HEMI 
mode dispersion data for a range of 2a values, as ob- 
tained from cavity cold stack measurements (see Fig. 2 
and Table 1 for cavity details), are shown in Fig. 10. 

With the MIT design, although consideration was 
given to HEM 

a1 
resonances in each of the distributed 

uniform impe ante segments, in view of the SLAC exper- 
ience, more importance was placed on beam interactions 
in the first few segments of the waveguides and on res- 
onances in the vicinity of the v = c intercept (which 
occur near the HEM11 x modeaor TM01 25r/3 mode struc- 
tures). It was expected that HEM11 resonances generated 
in segments remote from the input coupler would be less 
troublesome because reflections between the input coup-- 
ler and the edge of the HEM 

9 
stop band for a given seg- 

ment are subject to higher at euuation the further the 

segment is along the structure, and because the group 
velocities are, in general, quite low. Moreover, as the 
reflection path lengths increase, the interaction effective 
lengths are curtailed due to large (multiple n) phase 
slips between the wave and the beam. In this regard, it 
is important to avoid excessive reflections of the back- 
,ward propagating wave within the body of the waveguide 
by using matched transitions and disc apertures which 
increase in diameter towards the input coupler, and, 
whenever practicable, to avoid increasing the interaction 
by preventing resonances in a given segment from coin- 
ciding with resonances at a lower PD in a preceding seg- 
ment nearer to the input coupler. In considering the 
dispersion curve for a given uniform’impedance segment, 
strong beam interactions can be expected in the proximity 
of the v 

F 
= c intercept, especially for large iris diameter 

segmen s which are longer than three wavelengths, be- 
cause the resonances are closely spaced in this region 
(see Fig. lo), i.e., the dw/dp values are very low. 
Under these conditions, the beam interaction can more 
readily establish the worst value of total phase slip 
which .satisfies the condition for maximum transfer of 
energy to the fields and beam deflection amplification. 

5.1.1 Progressive stop-band technique applicable 
to initial segments of the waveguide. The design of the 
waveaides for the MIT accelerator was stron& in- 
fluenEed by the adoption of a progressive stopzbind con- 
cept which required a specific relationship between dif- 
ferent waveguide sections along the beam centerline. 
In this accelerator, the eighteen long waveguides are 
divided into four groups, each of which are similar in 
physical detail but differ in microwave design. The 
groups are designated A through D, and the layout ar- 
rangement is indicated in Fig. 9. The HEM 

+J! 
disper- 

sion characteristics for the group A wavegul es are 
arranged so that the narrow bands of closely spaced 
undesirable resonances associated with the input coup- 
ler and several of the adjoining uniform impedance 
segments, in the vicinity of the vp = c intercept, are 
displaced outside and below the HEMI pass bands of 
all subsequently located structures, regardless of group 
affiliation. Similarly, the range of HEMll resonances 
associated with the critical initial regions of the group 
B waveguides are designed to fall below the HEMI 
pass band regions of all foliowing waveguides in groups 
C and D. This stop-band procedure is applied progres- 
sively along thefull length of the accelerator. In this 
manner, the displacement modulation information car- 
ried by the beam at low HEM 

I1 
frequencies, due to 

transverse fields in the initia segments of waveguides 
in an upstream group, is excluded from interacting with 
downstream waveguides; and further deflection ampli- 
fication at these frequencies is avoided. When using 
disc loaded waveguides of conventional construction, 
this technique requires that the iris diameters in the 
initial region of waveguides in a given group be smaller 
than those in any preceding group but larger than those 
in subsequently located groups. 

The above progressive stop-bandconcept is illustrated 
diagrammatically in Fig. 11. Curves A Bl, Cl, and 
Dl represent the HEX1 I’ Lf w-8 .diagrams or the input 
coupler and the first unl orm impedance segment of the 
waveguides in groups A, B, C and p, respectively. 
Similarly, the dashed curves A2 through D4 and A3 
through D3 refer to the second and third uniform imped- 
ance segments, respectively. These curves also show 
some of the low value HEM11 resonances as determined 



lo- 

by the number of cavities per segment, the input coupler 
phase shift, and the phase shift in the terminating trans- 
ition in which pass-band cut-off occurs. (A series of 
cold test experiments were conducted using different 
transition designs and offset input couplers to measure 
the terminal phase shift values and’ HEMI field patterns 
for both orthogonal pianes of polarization. \ For the in- 
put segments of waveguides in a given group, the Fig. 
11 curves show that undesirable resonances in the prox- 
imity of the vp = c intercept are located below cut-off 
for the pass band of any following group and that these 
resonances are separated by approximately 30 MHz 
from those of corresponding segments in the waveguides 
of neighboring groups. Separations of this magnitude 
ensure that a frequency coincidence with any following 
group is restricted to a low value of /3D, e.g., 900 in- 
stead of 165O; and therefore, less troublesome wave- 
beam phase slips of large magnitude can be expected 
(90° to 450 per cavity). 

5.1.2 Other microwave techniques, interactions, 
and design data. It should be noted that other methods 
exist for varying the waveguide HEMI resonant char- 
acteristics, in order to avoid coherent interaction along 
the beam centerline, and that changes in iris aperture 
and/or TMOl phase shift per cavity are not always nec- 
essary. For example, the number of cavities per seg- 
ment can be altered and/or small grooves can be ma- 
chined in the iris to vary the HEMI phase shift without 
unduly affecting the principal mode. While these meth- 
ods are limited in scope, both, particularly the former, 
have obvious advantages since the same disc and cylin- 
der components can be machined for many waveguides, 
and several groups of different design can be formed by 
retaining the transition combinations and simply chang- 
ing the segment lengths. This technique was used in the 
design of the four short waveguides for the MIT accel- 
erator . These sections are divided into two groups 
(designated AA and BB as shown in Fig. 9), the wave- 
guides of which have different HEM11 resonances al- 
though they are constructed from identical components. 
As before, the input coupler region was of the greatest 
concern; and by arranging a variation of approximately 
two to one for the first segment length, a separation of 
approximately 5 MHz was obtained over the region 
-i/2 < pD < n for all but one pair of resonances. This 
pair consisted of the first (dominant) HEMI resonance 
in the AA group and the second resonance m the BB 
group. However, the downstream resonance results in 
a low value of total transverse shunt impedance be- 
cause the wave-beam phase slip through the segment 
closely approximates 28. By maintaining the same num- 
ber of uniform impedance segments for all waveguides, 
the interaction effective length at the dominant HEM1 

i frequency is, in general, much less for segments in t e 
short, lower energy waveguides. There is a further 
tendency for the total transverse shunt impedance to be 
reduced due to a higher value of (Y and a lower transit 
time factor [T = (sin (~/2)/((~/2)] normally associated 
with a short segment resonance. The total phase slip 
of the wave relative to the beam (d = ns + E , where n 
is the number of uniform cavities per segment, fi the 
wave-beam phase slip per cavity and E the terminal 
phase shift correction) tends to increase as the circuit 
length (nD) is reduced, e.g., with a 5 - 6 ho (TRIO1 
2?r/3) segment, (Y z 30 -400 compared to = 1200 for a 
2 - 3 A0 segment (2a = 1.1”); ald the effective length is * 
reduced accordingly (L,ff 0: T nD) . 

When waveguides of different design are interlaced 
along the machine to reduce the deflection amplification 
caused by cumulative beam breakup, various interactions 
need to be considered. These include interactions which 
occur between segments of the same waveguide, between 
waveguides of the same group, and between waveguides 
of different groups. In addition, whenever possible, the 
design should be arranged to prevent the occurrence of 
beat frequencies23 within critical frequency bands. 
Since the HEM 

I1 
frequency is approximately 2/3 that of 

the fundamenta accelerating mode, a beat with the third 
harmonic of the bunched beam (8568 MHz) is of partic- 
ular concern because the HEMll resonance and its dif- 
ference frequency can be in close proximity (overlap 
occurs at 2a = 0.850”), and the advantage of the pro- 
gressive stop band feature can be nullified. For the 
MIT long waveguides, the computed dominant HEM11 
resonances for groups A through D are 3948, 3980, 4010 
and 4040 MHz, respectively, and these result in third 
harmonic difference frequencies (between 4620 and 
4558 MHz) which are well removed from the critical 
stop-band regions. Another aspect which is of some 
concern, especially at the beginning of low gradient 
machines, is the possibility of establishing a HEM 
wave-beam phase slip of approximately TI, in one o f1 the 
low energy waveguide segments, at a frequency which 
can excite subsequently located cavities. Due to feed- 
back, this phase slip condition can result in an oscil- 
latory beam deflection (regenerative beam breakup 
mechanism), and even though this deflection is small 
in magnitude (e. g ,,z10-4 cm), because of its coherent 
nature, through subsequent interaction, it can cause 
the cumulative beam breakup threshold current to be 
substantially reduced. 

Design data for the MIT machine and computed 
HEMI 

\ 
frequencies (dominant and up to the fourth res- 

onance relating to the first three of the eleven seg- 
ments for each waveguide group are listed in Table 6. 
Initial calculations of the deflection amplification, due 
to cumulative beam breakup, for peak current pulses in 
the range of 10 psec (T >> 2Q/w) and Q values of 9000, 
indicated that, for changes in waveguide design and 
grouping as described above, a reduction of approxi- 
mately 6 e-folding factors could be expected. (At 4 MW 
peak RF power per klystron this represents a threshold 
value in excess of 40 mA at 10 psec.) 

Computer calculations also indicated that beam dis- 
placements, for example, those due to section misalign- 
ments of the order of & 5 x 10V2 cm, could increase the 
beam deflections to a critical level during the transient 
growth of the cumulative beam breakup mode. The 
computed deflections reached maximum levels approxi- 
mately 3 psec after commencement of the beam pulse 
and thereafter attenuated to steady-state asymptotic 
values. These results justified further an existing 
philosophy which placed emphasis on producing a low 
emittance beam from the injector and on accurately 
positioning the beam along the axis of the machine. 
(Steering coil assemblies are provided at every input 
coupler, and the waveguide construction and installation 
procedures call for axial alignment to better than * 3 
x 10V2 cm.) 

The above results suggested that additional precau- 
tionary measures, such as the provision of special Q- 
spoiling circuits, were unnecessary. A worthwhile 
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reduction of Q is achieved in a relatively simple manner, 
however, by deforming the cavities in a specific orien- 
tation during the normal tuning procedure. With this 
technique, originally used on very short section, high 
current, long pulse machines, 24 an attempt is made to 
improve the match of the terminating cavities by coup- 
ling the HEMII mode into the external system. Indi- 
vidual cavities are tuned (permanently deformed) in a 
radial plane at * 45O to the plane of the rectangular 
waveguide feed; and for a given set of cavities, the de- 
formation is applied in only one plane, i.e., the cavities 
of a given segment contain only two wall perturbations, 
and these are diammetrically opposed. In this manner, 
partial coupling can be obtained for either of the orthog- 
onal planes of polarization, and loaded Q values approx- 
imately 30 percent less than Q. ( x 10,000 at 4000 MHz) 
can be obtained. 

In summarizing, it can be noted that the technique 
of mixing different waveguides becomes more difficult 
as the length of the machine is increased. The need to 
adjust iris diameters to vary the HEMI characteristics 
interacts strongly with, and causes mo ct * lfmation of, the 
fundamental accelerating mode design requirements 
such as T, P, field gradient distribution, offset couplers, 
etc., until eventually the limiting values of resonance 
separation and/or iris diameter are reached. Also, the 
design procedure can be affected by economic consider- 
ations which impose restrictions on the number of dif- 
ferent waveguide components that can be made available. 
As an example, the MIT long waveguides were designed 
for constant r with progressively smaller input iris 
apertures but with the restriction that all output couplers 
were to be of the same design. Although not the most 
desirable from an operational point of view, beam fo- 
cusing methods have been showna 22 to offer a practi- 
cal and economic solution to the problem of raising the 
cumulative beam breakup threshold current; and in con- 
sidering future high duty cycle machines of long length, 
the best economic compromise may well be a combina- 
tion of both microwave and focusing remedies. 

6. Injection System 

As with conventional machines, the injector plays a 
key role in the ultimate performance of a high duty fac- 
tor accelerator, particularly in regard to minimizing 
longitudinal phase space and beam emittance. However, 
the wide range of input RF power, unique to a high duty 
system, presents a problem in the design of the first 
waveguide and other injector microwave structures 
which are used for processing and positioning the elec- 
tron bunches. One method of overcoming this problem 
is to arrange for a separate modulator and klystron to 
always energize the injector at a low level of peak RF 
power. In this manner, the full range of beam duty 
can always be provided by the injector, regardless 
of the level of peak and average RF power required by 
the remainder of the machine. Because the field gra- 
dient associated with this technique is low, adequate 
capture and bunching of injected electrons usually neces- 
sitate the use of a reduced phase velocity waveguide, 
and, careful account must be taken of the space charge 
forces if undesirable limitations to bunch width are to 
be avoided. This is especially the case during operation 
at low duty factor when all klystrons, with exception of 
the injector, are at maximum peak power, and there is 
a demand for high values of peak current. With a tapered 

phase velocity structure, the bunch tends to mainmi:] a 
constant energy by automatically adjusting its positi ,:I 
on the wave, and the emergent phase is therefore a 
sensitive function of input power level and,to a lesser 
degree, beam loading. An operational advantage of the 
fixed low power level concept is that the drive for the 
injector drift space cavities remains unaltered, 

An alternate design approach, as chosen for the 
MIT injector, is to operate at high gradient up to a duty 
factor of 1.8 percent, which is the condition requir- 
ing maximum peak current values, and to allow the 
buncher waveguide gradient to be reduced for oper- 
ation at higher duty factors. Although this technique 
requires an adjustment in phase between the injector 
and the remainder of the machine when a different level 
of peak RF power is selected, it provides the maximum 
beam energy gain for a given combination of modulator 
and waveguide; and, with a suitable gun voltage, full 
advantage can be taken of the bunch compression prop- 
erties of a velocity of light waveguide. 

Consistent with the inherent high resolution of a 
lightly loaded accelerator, the MIT injector design 
studies placed emphasis on means of attaining narrow 
bunch widths. The design objectives were based on a 
specification of two degrees of longitudinal phase 
space at not less than 6 MeV and 25 mA with a peak RF 
input power of 2.5 MW. Emphasis was also placed on 
minimizing the cost and number of components while 
keeping in mind the high stability requirements of the 
system. The concept chosen as most likely to meet 
these objectives was based upon the use of a low per- 
veance ( =: 10ag), high voltage source and two stages of 
bunch compression. The first stage is designed to op- 
erate at beam energies within the range of 300 to 500 
keV and to provide a bunch compression of between 15 
to 1 and 20 to 1 with the approximate sawtooth field 
environment of a 120 degree biased-chopper prebuncher 
combination. At these values of beam perveance and 
energy, a relatively low drive signal at the prebuncher 
can cause the longitudinal space charge fields to be 
dominated during bunch compression down to very small 
dimensions. The second compression stage consists of 
a disc-loaded waveguide designed to provide approximately 
5 to 1 compression of the bunch during initial retardation and 
acceleration from 0.3 to 7 MeV. Apart from the input 
coupler and several neighboring cavities, which have 
phase velocities slightly less than c, the structure is 
designed as a 2s/3 mode, v = c circuit. The high gun 
potential, small cathode, at? d long focal length, in com- 
bination with a narrow collimating aperture and a low 
value o$ longitudinal phase space at injection to the 
buncher , hold promise of demonstrating a considerably 
lower beam emittance than that normally obtained from 
higher perveance injection systems. Some of the con- 
siderations and results of analyses which led to this 
concept are discussed in the sections which follow. 

6.1 A Pessimistic Conclusion Regarding Permissible 
Injection Velocity Spread for a vp = c Waveguide 

. 
Some guidance regarding the tolerable limits of 

phase spread and velocity modulation at injection, to 
achieve a given narrow emergent phase spread with a 

vP 
= c wave 

expression JY 
ide, can be obtained from the binding field 

cos 6, = cos so- [(1-~o)/(l+po)11’2 27rmOc2/(eEOhO) 
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where 6, and 8, are the input and asymptotic phase po- 
sitions, respectively, for a single particle of velocity 
Pfc injected into a vm, = c waveguide having a longitudinal 
e ectrlc field funda ental space harmonic amplitude of 

EO’ With an injection phase angle corresponding to the 
zero field position (6 - 0) and an asymptotic phase 
spread of either one egree or two degrees, this equa- !I- 
tion indicates that the permissible spread of energy 
(AV,) and velocity (A/30) at injection must be limited as 
shown in Table 7. For example, to obtain one degree 
asymptotic phase spreads when using injection energies 
of 100, 200 or 400 keV, the energy and velocity spreads 
at injection must be limited to 6.0, 8.8, and 13.4 keV 
and 1.22, 0.9 and 0.55 percent of c, respectively. It 
should be noted that these values are obtained from a 
simple binding field theory which does not include the 
effects of cavity space harmonics, entry fringe field or 
the presence of charge. 

It has been shown,26 for 2z/3 waveguide, that space 
harmonics cause broadening of both the bunch and the 
energy spectrum, and for a phase velocity of light cir- 
cuit, this broadening Increases as the injection energy 
is reduced. It has also been shown that if bunches are 
to be located ultimately at the crest of the traveling 
wave, then entry into the coupler cavity has to occur 
during a decelerating phase which causes the injected 
bunch to be first retarded and then accelerated prior to 
arrival at the mid-plane of the cavity. This interaction 
takes place in a field environment similar to that of a 
standing wave, ,i.e., in the presence of two equal op- 
posing space harmonics; and the full complement of 
space harmonics constituting the main traveling wave 
is not encountered until further penetration into the cir- 
cuit has occurred. Injection analyses using vp = c accel- 
erator waveguides and taking into account the different 
spatial harmonic content of the input coupler, as well as 
the entry fringe field effect, indicate that for a given 
emergent phase spread, the tolerable values of energy 
spread at injection are considerably lower than those 
given by the above binding field formula. Some of these 
lower values, as modified by space harmonic analyses, 
are shown in brackets in Table 7. The modified values 
of permissible injection energy spread decrease with 
reduced gun potential, as before, but in accordance 
with a much narrower range of permissible velocity 
modulation. A comparison of the tolerable AV and 
MO values for a fixed injection phase angle an cf a range 
of gun potentials, to give a one degree emergent phase 
spread, is shown in Fig. 12. Curve A refers to values 
obtained from the above binding field equation and curve 
B to the results of analyses which take into account the 
above mentioned input coupler effects. This compari- 
son presents a rather pessimistic outlook for narrow 
phase width performance at moderate currents and low 
gun potentials, unless the velocity spread at injection is 
very low, and it provides a possible explanation of the 
common observance that a small change of prebuncher 
drive affects the beam energy spectrum far more than 
predicted by the simple binding field theory. 

The Table 7 and Fig. 12 data refer to phase spreads 
between single particles injected at the same phase but 
with different energies. The Fig. 13 curves show typi- 
cal emergent phase angles (3) for a 7 MeV buncher 
waveguide, for different entry phase angles (r$,) at the 
input coupler fringe field, and for three closely related . 
injection energies. These data also relate to single 
particle injection and include the effects of input coupler 

space harmonics. (In practice, for a high duty cycle 
machine, the buncher waveguide would be designed for 
a lower emergent phase angle to allow for reduced gra- 
dient operation and the effects of beam loading.) Single 
particle phase plots of this nature are not directly ap- 
plicable, however, to the phase orbital behavior of in- 
dividual particles in a cohesive bunch. Therefore, the 
concept of exploiting the AVo separation of these curves 
to produce a narrow emergent phase spread, by inject- 
ing a prebunched beam so that early particles of low 
energy emerge at a low value of 6, thereby enabling the 
late entry, higher energy particles to advance in phase, 
cannot be validly applied. Electron bunching analyses 

which take into account the effects of reactive phase 
shift (see section 2.5.3) and space charge, due to beam 
loading, indicate that the phase orbital characteristics 
of intra-bunch particles are unlike those of the Fig. I3 
ballistic derived curves. As an example, the broken 
curve superimposed on the Fig. 13 data shows the 
emergent phase width for the hypothetical case of a 25 
mA, 12 degree bunch injected with uniform charge 
density at an energy of 400 keV. The emergent phase 
spread is increased due to a “rotation” effect, caused 
mainly by the influence of space charge and migration 
within the bunch, during passage through the initial por- 
tion of the circuit. For short bunches, these phase 
characteristics appear to be affected ‘most by phase 
location of the centroid, phase width at injection, total 
charge and beam diameter. (Under some circumstances, 
a highly compressed bunch with a narrow injection phase 
spread can result in a broadening of the emergent phase 
angle.) ‘Although each beam loading condition has to be 
analyzed separately, in general, the achievement of a 
narrow emergent phase spread depends on, not only 
satisfying the stringent ADo injection requirements dis- 
cussed above, but also on maintaining the bunch in a 
sufficiently high field gradient to counteract the effects 
of space charge (see section 2.5.4). 

The above conclusions, pessimistic as they appeared 
for the case of a narrow emergent bunch, were influen- 
tial in establishing the injector beam specifications and 
evaluating various injection systems. The eventual 
selection of a high energy, chopper-prebuncher system 
was based on a buncher waveguide injection requirement 
of a bunch phase width between 5 and 10 degrees and a 
maximum velocity spread of & 0.4 percent of c, to 
achieve a total phase,width at emergence of not greater 
than 2 degrees with peak current values up to 25 mA. 

6.2 Selection of Gun Potential and Drift Space Parameters 

Since the biased chopper-prebuncher principle has 
been presented in earlier reports and discussed in con- 
nectionwitha variety of previously constructed machines?, 
it will be assumed that the reader is familiar with this means 

of obtaining a well-definedRF bunch of adjustable phase 
width. When 120 degrees of beam lenath ner RF cvcle 
(PO X0/3) is correct& phased to traverse the prebuncher 
gap during field reversal, the electrons will be sub- 
jected to velocity modulating fields which closely ap- 
proximate the ideal saw-tooth environment required for 
linear bunch compression in the subsequently located 
drift space in the absence of space charge. (For biased- 
chopper operation, this results in a transmission effi- 
ciency of approximately 20 percent.) If, for the present, 
we disregard the effects of radial and longitudinal space 
charge fields, then the total a, and AV, that must be 
introduced by the prebuncher-gap, for bunch compression 
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from 120 to 10 degrees over a given drift space length 
S, can be determined from the simple time-of-flight 
expression27 

where 9 
arrival p +l 

and ($12 - $0, are the departure and normalized 
ases, respectively, and POc and p 

velocities of the unmodulated and modulated e 1. 
c are the 
ectrons, 

respectively. [The electron energy’ (V 
tained for a given prebuncher gap condo ton and departure T 

in keV) , as ob- 

phase, can 
= (I-&$-~ 2.] 7 

e related to its velocity by (V,/Sll) + 1 
Furth ermore, by imposing a restriction 

based on practical requirements, namely, that for vari- 
ations of gun potential of f 0.1 percent the phase modu- 
lation at the end of the drift space shall be no greater 
than f 1.5 degrees, then the maximum permissible 
drift length will be defined by the gun potential. The 
relationship is developed in section 2.5.1 and, for the 
above voltage variation may be written as A@, = 
276 10-3 (y - l)(y 2 - 1)-9/2/ho, where A& is the permis- 
sible phase modulation at the end of the drift space, and 
y is defined by the energy of the source electrons. The 
values of S, MO and AV as obtained from the above 
equations for a range of 8’ earn energies up to 500 keV, 
are shown in Fig. 14. These curves show that for sys- 
tems operating at low beam energies, quite small values 
of total energy spread (AVO < 10 keV) result in 12 to 1 
bunching, but these values are accompanied by large 
spreads in velocity (A/JO > 1.5 percent). As the gun 
potential increases, however, the larger values of drift 
space and energy spread are accompanied by reduced 
values of velocity spread. 

If now space charge effects are taken into consider- 
ation, it is evident that bunch terminal field strengths of 
less than 1 kV/cm, acting over a few centimeters, will, 
for the lower beam energies, seriously perturb the 
bunching process. To determine the importance of 
space charge effects which counteract the velocity modu- 
lation produced by the prebuncher, we can consider the 
commonly adopted drift space configuration in which the 
beam waist is located at the prebuncher, and after veloc- 
ity modulation, the bunch is allowed to expand freely be- 
fore passing through a thin lens assembly and refocusing 
through a small aperture at the end of the drift space. 
Thus, toward the end of the drift space, the bunch di- 
mensions are reduced both in the longitudinal and radial 
direction. For low beam energies, and moderate cur- 
rents, to overcome the high space charge forces gener- 
ated by this volume compression, it is essential that the 
drift space lengths shown in Fig. 14 be drastically re- 
duced and the prebuncher drive be increased. At higher 
beam energies, not only are the space charge forces 
reduced, but the higher values of AVo required for bunch- 
ing can more readily dominate the space charge poten- 
tials. It should be noted that, for high duty factors 
machines, lower values of perveance allow the beam to 
be expanded over a larger proportion of the drift length 
prior to refocusing (see Fig. 16), i.e. , the radial com- 
pression occurs over a proportionally shorter length of 
drift space. For a given operational condition, to as- 
sess de-bunching effects due to space charge, and prior 
to considering the results of detailed computations, a 
reasonable estimate of gross effects can be made by 
selecting a suitable bunch model and determining the 
maximum value of longitudinal field strength. For ex- 
ample, Fig. 15(b) shows the relationship between maxi- 
mum longitudinal field and bunch length for a constant 

‘diameter bunch and several values of beam energy. (A 
spheroidal bunch model of non-uniform charge density 
[see Fig. 15(a)] was chosen as a good approximation to 
practical conditions as determined by profilometer and 
RF bunch sweeping6 measurements.) The Fig. 15(b) 
curves indicate that, with a 2 mm diameter, 100 keV 
beam, any attempt to bunch 25 mA into 5 or 10 degrees 
over a distance of several centimeters would result in 
much larger de-bunching potentiaIs than the prebuncher 
AV 

P 
values of Fig. 14. Of course, the prebuncher drive 

cou d be increased and the drift space foreshortened at 
this lower injection voltage;27 but under these condi- 
tions, the correct compensation of space charge forces 
becomes a very sensitive function of beam current and 
lens settings, and prevention of longitudinal phase orbit 
crossovers, an important requirement for optimum 
bunching in subsequently located waveguide, cannot be 
assured. 

On the other hand, with a 400 keV beam of the same 
diameter, the Fig. 15(b) data indicates that bunching 
down to 5 or 10 degrees over relatively long distances 
would result in space charge potentials much lower than 
the AVo prebunching value shown for this higher injec- 
tion energy in Fig. 14. Under these conditions, because 
of the dominance of the prebuncher drive, accurate com- 
pensation of space charge fields no longer plays an im- 
portant role in obtaining a small bunch width, and it can 
be expected that high voltage systems of this type wilI 
be relatively insensitive to different settings of beam 
current. Furthermore, because of the low perveance 
and linear compression characteristics, reliance can be 
placed on the reproducibility of the space charge fields 
and the associated partial cancellation of the APO initially 
introduced by the prebuncher. This cancellation assists 
in satisfying the buncher waveguide requirement for a 
narrow spread of injection velocities. I 

The above considerations, supported by the resuIts 
of detailed space charge analyses in the drift space re- 
gion, led to the conclusion that a high beam energy 
chopper-buncher system would meet the stringent injec- 
tion conditions required by the buncher waveguide in 
order to demonstrate an emergent bunch width at less 
than 2 degrees. 

6.3 Injection Layout and Results of Analyses 

A schematic layout of the injection system is shown 
in Fig. 16. Detailed calculations in radial and longitu- 
dinal phase space in the drift length region, including 
space charge effects, were conducted over a wide range 
of parameters; and some results corresponding to the 
Fig. 16 positions marked A, B and C are reproduced 
in Fig. 17. These data refer to a 25 mA, 400 keV 
bunched beam with an initial geometry and non-uniform 
charge density distribution, as shown in Fig. 15(a), an 
initial and final diameter of 2 mm, an initial biased- 
chopped bunch length of 2.9 cm (120’ of P A0 at 2656 
MHZ), a prebuncher peak field strength o P 13.5 kV/cm, 
and a 850 gauss lens 91 cm from the prebuncher. The 
bunch was divided into a multiplicity of cylindrical and 
annular elements, the boundaries and centroids of 
which can be seen in the Fig. 17 illustrations. This 
technique, which has been described elsewhere, 28 
assumes that rotational symmetry, is conserved about 
the beam centerline and that the charge density distri- 
bution in the azimuthal direction remains constant. 
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The Fig. 17 results indicate that, after 132 cm of 9. 
drift, a bunch length of 118 degrees at the prebuncher 
departure plane is reduced to 9 degrees, and the total 
AVo is reduced correspondingly from 29.1 to 18.5 keV, 
i.e., the total MO is reduced from 1.2 to 0.8 percent 
of c. At this point, while the regular pattern of annulii IO. 
has been disturbed due to non-linearities, the maximum 
space charge longitudinal field is less than 0.5 kV/cm. 11. 
Further bunching occurs with increasing drift distance. 
Data taken at 140 cm indicate that the total phase width 12. 
is reduced to 5 degrees, and with the increasing space 
charge fields, total AVO and &, are decreased to 12 13. 
keV and 0.5 percent of c, respectively. These results 
suggested that the narrow phase width and velocity spread 
requirements at injection into the buncher waveguide, as 
specified in section 6, could be satisfied by this concept 
and, in fact, that care should be taken to avoid compres- 
sion of the bunch to too small a phase width, especially 
at high duty cycle, because of an incompatibly low field 
gradient in the buncher waveguide. 

14. E. A. Knapp g &. , Proc. LASL Linac Conference, 
Los Alamos, New Mexico, 83 (1966). 

15. R. Bergere and A. Veyssikre, Nucl. Instr. and 
Methods 30, 309 (1964). 

16. L. Burnod, L’Onde Electrique, 435 Vol. XLHI, 
688 (1963). The Fig. 18 phase orbit data shows the computed 

phase spread emergent from the buncher waveguide 
(see Fig. 16, position D), for the input RF conditions 
listed in Fig. 13, and an injected electron bunch with a 
non-uniform charge density and velocity distribution as 
obtained from the Fig. 17 drift space computations. 
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