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In order to minimize the size and weight of the 
x-ray or neutron source for a series of portable 
radiographlc I inear accelerators, the x-ray head was 
packaged separately from the rest of the system and 
consists of only the I inac accelerating structure, 
electron gun, bu I I t-in target, coi I Imator, ion pump 
and an RF w lndow. Al I the driving electronics and 
cooling are connected to the x-ray head through 
flexible wavegulde, cables, and waterlines. The 
x-ray head has been kept small and I lght weight by 
using the RF fields for radial focusino. as well as 
for icngitudinai bunchlng and accelerat?ng the beam. 
TIT us, no exter na I, bulky magnetic focusing devices 
are required. The RF focusing is accompi lshed by 
alternating the sign of the phase difference betwe.en 
the RF and the beam and by tapering from cavity to 
cavity the magnitude of the buncher field levels. 
The former requires choosing the right phase 
velocity taper (mix of I ess than vp=c cav itles) and 
the latter requires the right sizing of the cavity 
to cavity coup1 Ing smiles (irises). 

This paper discusses the theory of radial RF 
focusing and presents some examples of its appilca- 
tion to two, portable, radiographic, linear 
accelerators that have been bui it f 
tive testing. A companion paper P 

r non-destruc- 
descr i bes the 

system details and performance capabii itles. 

The deslgn of light, portable radlographic, Ilnear 
accelerators differs from the desiyn of accelerators 
for research. Df primary Importance Is mlnlmlzlr~ 
the size, weight, and compiexlty of the accelerator. 
Good capture eff iclency, good I aunch I ng, yood 
spectrum, and emlttance are of secondary lmpcrtance. 
tiow ever, wasted power Is wasted welqht in power 
suppl les, cool I ng system, and most importantI.y, In 
the RF source. Even more Important Is the fact that 
at X-band, which is the natural choice for these 
smai I acce I erator s, the maximum power avai table is 
rather I ow. Hence, any beam which absorbs RF power 
without reaching full energy (to within about 55) 
reduces the fui I energy (and fui I penetratlon) of 
the x-rays which can be produced. So while high 
capture Is not Impcrtant, It Is Important to have a 
sharp demarcation I ine between those electrons which 
are captured and accelerated to > 95% of fu! I 

energy, and those which are lost early. Similarly, 
It wastes RF power to accelerator electrons part 
away through the accelerator and then lose them 
radial iy. 

ELECTROMAGNETlC 

Clearly wrapplng one of these smal I accelerators In 
a solenoid is far from the optimum. Since the 
weight of a solenoidal lens is proportlonal to the 
integral of B’dl and the fo al strength is propor- 
tional to the integral of B 5 ‘di, It pays to concen- 
trate the field with iron In a thin lens. 
Consideration of the radial orbits In most one- 
section accelerators reveals that a single lens 
epproprlately placed near the downstream end of the 
buncher would prevent radial loss of electrons. 
However, such a lens, If it is a conventicnai copper 
and Iron solencid, wculd slgnlficantly Increase the 
weight of one of these accelerators. 

RF FOCW 

There are a number of alternatives for light 
focusing systems such as periodic permanent magnet 
systems, perhaps using one of the new rare earth 
materials. We decided to pursue a dtfferent 

approach; that ls, RF focuslij,g,lhich has been 

suggested by a number of authcrs . The approach 

which can be called alternating phase focusing 
seemed the most straight forward. in alternating 
phase focus1 ng, the electrons al ternate between 

forward of the accelerating crest where they are 
longitudinally bunched and behind the crest where 
they are radially focused. By this means, both 

radial and phase stability can be achieved. The 

process is easily understood by referrlng to Figs. 1 
and 2 which show the longltudinai and radial motion, 
respectively, in the 1.5 MeV travelling-wave 

accei erator, which is powered by a 200 kW X-band 

magnetron. In Fig. 1, we plot the phase o of the 
electrons relative to the quasi-synchronous space 
harmonic. At the phase stable field nul I 6 = 0, at 
the acce I erat I ng crest, p = -90’. and at the phase 
unstable field nul I, 4 = -180’. In Fig. 2 the 

radial motion of three macro particles are plotted 
as a function of 2 expressed as the cell numbers. 

Comparing Figs. 1 and 2, we see that In ceils #1 
through 4 most of the electrons, which are captured, 
are forward of the crest and are longltudlnally 
bunched and radial ly defocussed. From ccl I 4 
through 12 or 14 (depending on which particle one is 
following), the bunch is behind the crest so that it 
is radially focused. In Fig. 2, the effect Is 
striking, particularly for the particle which had an 
Initial phase of $J =-30’. This particle would have 
been lost radially were It not for the RF focusing 
beh 1 nd the crest. Then the bunch is moved forward 
of the crest again for a I ittle more bunching. In 
the radially bunching region frcm cell 4 to 14, the 
particle developed a positive correiatlon between 
position and momentum In the longitudinal plane. 
These would have caused slgnlflcant debunching by 
the end of the accelerator. In cei Is 14 through 26, 
this correlation Is reversed so the bunch contracts 
by a factor 4 by the end of the accelerator. 

Electrons which entered the buncher over a phase 
Interval of 60” are bunched into 8’ by the end of 
the accei erator. The gun for both of these 
accelerators produces a 0.5 mm radius waist at the 
entrance to the accelerator. By the end of the 46 
cm long structure the beam radl us has increased to 
about 1 mm. Figure 3 gives the calculated energy 
spectrum for the 1.5 MeV .accel erator and Figure 4 
gives the calculated load I ine. 

Figures 5 through 8 present the longitudinal orbits, 
radial orbits, energy spectrum, and load I ine for 
the 6 MeV accelerator. Th/s accelerator is a 52 cm 
long, side-coupled, standing-wave accelerator drlvan 
by a 1.2 MW X-band magnetron. From the point of 
view of buncher deslgn with RF focusing, there are 
some Important differences between a standing wave 
and a travel I irig wave accelerator. The first effect 
Is that the space harmo lc focusing is about a 
factor of four stronger 9 for the standing wave 
accelerator (assuming equal average acceleration). 
From reference 5, we find the radial force on an 
electron is: 
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Fr = -l/Z er cfi; + -.& :$)I E (z,$). (1) 

The second term is the force due to the synchronous 
space harmonic which is In phase quadrature with the 
acceleratfcn. It is this term which Is used In the 
alternating phase focusing. Because it arl ses from 

a difference between magnetic field force and an 
electric field force In an ap roxlmately 

P 
synchronous 

wave, It decreases as I& . The f lrst term in 

Equation (1) Is the total derivative of the axial 
electric field along the particle path. The rlpple 

In the axial electric field is accompanied by 
alternating radial electric fields. This produces a 

net Inward force which 1 s represented In the smooth 
force approxi mat I on by: 

F, = -+ (<E2> - <E>*) (2) 
4&fmc 

The leading term Is the a-, space harmonic: 

F, z- 2’5 (a2E2) 
8fil(mc -1 

(3) 

In the typical travel I Ing-wave, dlsk-loaded guide 

a-1 is between 0.4 and 0.5. In a standing-wave 
accelerator a-, = 1. Hence, the radial focusing 
force dlffErs by a factor of typically greater than 
4. Since the n = 0 space harmonics are far from 
synchronous, the approximate cancel latlon between 
electric and magnetfc field forces does not 

s 
ccur, 

so the force decreases as l&j rather than I/6 . 

For the 1.5 MeV accelerator discussed here, the 
space harmonic focusing Is equivalent to a solenold 
of about 509. Thls is certainly weak, but by no 
means negl iglble in the radial dynamics. For i-he 6 
MeV standlng wave accelerator, the equivalent axial 
magnetic field Is 230 g. In both cases the space 
harmonics produce a radially focusing force In the 
second hal f of the accelerator where the bunch is 
approximately on the crests. This Is apparent In 
Figs. 2 and 6. 

Both radial and phase stabll Ity have been achieved 
in the deslgn of two smal I portable x-band I inear 

accelerators through a combination of alternating RF 
Fhase focusing and the lnevltable space harmonic 
focusing. In the travel I Ing wave accelerator 
electrons entering during l/6 of an RF cycle are 
both radially and longltudlnal ly stable. In the 
standing wave accelerator, electrons entering during 
l/4 of an RF cycle are similarly stable. We hasten 
to point out that these are not the first electron 
linear accelerators which rely solely on RF 
focus I ng. How ever, we believe this is the flrst 
case In which specific deslgns of alternating phase 
focused electron accelerators have been publ ished. 
At least one o her design is known to have been 
I mpl emented. 63 
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