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A Miniature Accelerator-Driven Gamma Source Concept 

R. W. Garnett, K. C. D. Chan, T. P. Wangler, R. L. Wood, B. E. Carlsten, F. L. Krawczyk, S. J. Russell, and II. C. Kirbie 
Los Alainos National Laboratory, Los Almnos, New Mexico, WSA 

Abstract - Recent developments in W-band (-100 GHz) traveling wave tube technology at Los Alarnos may lead to a 
compact high-power W-band RE source. A conceptual design of a compact 8-MeV electron linac that codd be powered by 
this source is presented, including electromagnetic structure calculations, proposed rnicrojbbrication and manufacturing 
methods, supporting calculations to estimate accelerator performance, and gumma production rates based on preliminary 
target geometries and expected output beam current. This work is supported by the IJ.  S. Department of Energy Contract W- 
7405- ENG-36. 

I. INTRODUCTION 

Energetic gamma rays can be produced by electron 
linacs (linear accelerators), but commercially available 
linac systems are not transportable due to their size, 
weight, and power demands. Some applications would 
benefit from more compact, transportable systems. Since 
linac size scales as the wavelength, higher frequency 
linacs are needed to provide reduced size and weight for 
transportability, and reduced cost. Higher fiequency 
linacs also provide greater RF power efficiency, and 
higher electric-field limits, which translate into reduced 
power requirements, greater compactness, and greater 
reliability. To achieve a significant size reduction, we 
need to develop linac technology at a frequency as high as 
is permitted by new manufacturing technologies. We also 
need more compact high-power microwave sources to 
power these structures. 

The high-power microwave group at LANL is 
presently developing a high-power (500 kW traveling- 
wave-tube) microwave source in the W-band (95-GHz, 3- 
mm wavelength), powered by compact, highly reliable 
solid-state power supplies. This technology is just what is 
needed to move significantly beyond current 3-GHz, 10- 
cm wavelength commercially available technology. The 
microwave source will be manufactured using new 
photolithographic methods. 

In this paper we discuss a 95-GHz, 8-MeV electron- 
linac system using similar fabrication methods and that 
could be driven by this new microwave power SOU KC^. 
The reduction of accelerating cells to millimeter sizes and 
beam apertures to sub-millimeter sizes, and with a 
precision of micrometers would allow for the first time 
the development of MeV-range electron accelerator 
systems and gamma sources that are truly transportable. 

In this paper we discuss a conceptual design of a 
compact 8-MeV electron linac that could be powered by 
this source including electromagnetic structure 
calculations, manufacturing methods, supporting 
calculations to estimate accelerator performance, and 

gamma production rates based on preliminary target 
geometries and expected output beam current. Our 
motivation for this conceptual design has been to develop 
a compact linac-driven gamma source that could easily be 
field deployable under various scenarios, operate using 
typically available electrical power, and generate 
sufficiently high dose rates to quickly allow interrogation 
of contraband or other materials. 

11.95-GI.iZ STANDING-WAVE 1,INAC CONCEPT 

The complete accelerator system consists of three 
major components: the high-voltage (HV) supply, the 
microwave source, and the accelerator. The 
miniaturization of the accelerator will also be 
accompanied by a corresponding miniaturization of the 
other components. We discuss each of these subsystems 
below. 

Since at a frequency of 95 GI& (IW wavelength = 

3.156 mm) the typical linac dimensions are so small, 
alternative structure concepts need to be considered. 
Several structures in this fiequcncy regime have either 
been proposed or built and we take advantage of this 
previous work.’,”334 However, due to the lack of readily 
available RF sources in this frequency regime, none of 
these have yet accelerated beam. Additionally, these 
structures are typically developed for high-energy 
electron acceleration. What is unique to our concept is the 
application of these types of structures to bunch and 
accelerate low-energy electrons right out of the gun. 

Our concept assumes a planar ridge-type structure to 
be built using photolithographic or micromachining 
techniques, operating in the 7112 standing-wave mode, and 
using a solenoid to provide transverse focusing of the 
linac beam. The 8-MeV ’70-mA electron beam strikes a 
tantalum target producing a I500-Rad/min gamma dose at 
zero degrees and 1 m from the target. We have assumed a 
22-Radmin-pA dose rate for our beam en erg^.^ Figure 1 
shows a scheniatic layout of the linac-driven system. 
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Figure 1 - Schematic of the compact linac-based gamma source concept (not to scale). 

The electron beam exits the gun with an 
energy of 120 kV and enters a buncher section followed 
by the accelerator. The bunching section is separated from 
the main accelerator so that the accelerator IW phase and 
amplitude can be adjusted to vary the final output beam 
energy within the desired -t-2 MeV range. Additionally, 
separate control of bunching and acceleration will allow 
operation at lower peak currents when lower dose rates 
are desired. In our example, the linac is driven by two 0.5 
MW traveling-wave tube (TWT) microwave sources. The 
TWT is described in Section I1 B below. Table I lists 
some of the parameters for our mm-wave linac-concept. 

The linac parameters were determined by the dose- 
rate requirement, detector-system requirements, which 
determined the nominal repetition rate and pulse length, 
and OUT desire to limit the number of RF generators 
needed (2) to keep the system compact. Power estimates 
for the stiucture were made using results from 
Microwave Studio (MS) simulations, which are also 
discussed belowe6 The accelerating gradient is determined 
by the shunt impedance as estimated by MS, the desired 
energy-gain, and the structure power dissipation. 'The 
length, L, of the mm-wave accelerating structure is then 

given approximately by L=AWIE,?', where AW is the 
energy-gain and E,T is the accelerating gradient. The 
efficiency, defined as the ratio of the beam power to the 
total power (stmcture plus beam power), is high, which 
should help to minimize the cooling requirements. 

II A .  High- Voltage Supply 

A miniature W-band accelerator will find many 
applications as a compact system, if the accelerator is 
accompanied by an equally miniature power source. 
That power source must be capable o f  driving two W- 
band TWTs in parallel, as shown in the linac schematic of 
Fig. 1, and meeting the following specifications: 

Pulse Voltage: 100 kV 
Constant Duty Factor: O.OOl(0. 1%) 
Pulse Repetition Frequency: 25-100 Hz 
Pulse Width: I O  p-40 ps 
Pulse Droop: 1-2,% 
Peak Output Power: 
Load Current: 10 A 'Total 
Average Output Power: 
Available Utility Power: 

1 MW Total 

1 kW Total 
:3.3 kW (1 10 V, 30 A) 

Note that typically available wall plug power is assumed 
For this system. In addition, the pulsed power source must 
be light, rugged, reliable, low maintenance, and simple to 
manufacture. 130th the power source and TWTs should be 
very efficient to inininke the cooling system required. 

A solid-state Marx generator is selected for the power 
source because it can achieve the pulse specifications 
listed above and has the bcst chance of meeting Ihe 
additional criteria to be compact, light, rugged and 
reliable.7 Basically, a Marx generator charges a collection 
of energy storage capacitors in a parallel configuration 
and uses switches to recomlect the capacitors into a series 



I Laser-driven Control Power I 

\ 

I 
I I 

I I 
I I 

I 
I , * * +  

* + t  

\ , 

Figure 2.  Block diagram showing the collection of four Marx sections into a single Marx layer. Twenty-five layers contain 
100 sections that produce an open-circuit voltage of 120 kV. 

configuration such that all the capacitor voltages sum to a 
high output voltagea8 

The Marx generator is a low-impedance, coiistant 
voltage source that will supply whatever current is 
required to maintain a constant TWT voltage. The pulse 
width, defined by the switch closure time, and the 
repetition frequency may be independently varied to 
maintain a constant duty factor. The modular nature of the 
Marx generator makes it easy to manufacture and quick to 
repair. Furthermore, the Marx generator does not use a 
heavy pulse transformer to produce high voltage, does not 
have a pulse-forming network (PFN) that fixes the pulse 
width, and does not require impedance matching to the 
load. 

For our application, the Marx generator is a 100- 
stage, 25-layer assembly. Each layer consists of a circuil 
board containing four stages of capacitors and switches. 
The capacitors are charged to 1200 V, and store about 20 
times more energy than is extracted by the output pulse. 
A passive droop-compensation network, located in series 
between the TWTs and generator, flattens the output 
voltage and helps the generator manage a short-circuit 
load. A block diagram of the Marx generator assembly is 
shown in Figure 2 .  

A 1700-V, IGBT-like device (BIMOS) connects the 
Marx stages together. This BIMOS switch was selected 
as the best combination of high switch voltage, high 
current, and fast switching time.9 A cornniercially 
available gate driver accompanies each switch and 
receives a pulsed odoff command from a fiber optic link. 
Control power for the gate driver and fiber optic receiver 
is derived from a laser-illuminated photovoltaic cell." 
The 6-V cell voltage is applied to two dc/dc converters; 
one converter shifts the voltage up to 15 V for the gate 
driver while the other converter shifts the voltage 

downward to the 5-V range Tor the fiber optic receiver. A 
block diagram of a single Marx stage is shown in Figure 
3 .  The switching system is protected against over-current 
damage by emitter feedback while protection a ainst over 
voltage is acconiplished by collector feedback. 

The first M a n  gcnorator will be built from 
commercially available components. An analysis of the 
design indicates an assembly volume of approximately 
11.2 liters that measures 13.3 cm x 22.3 cm x 38.1 cin. 
When summed together, the total weight of components 
and circuit boards total 27.2 kg (60 lbs.). It is expected 
that an additional 18.1 kg (40 lbs.) or more will be 
attributed to small power supplies plus the cooling, 
vacuum, and control systems. Further reductions in 
generator weight and volume can be achieved by 
advanced packaging techniques, where off-the-shelf 
components are purchased without their plastic enclosures 
and aggregated into multi-chip modules. Repackaging 
methods alone are expected to produce a 33% reduction 
in generator volume and a 17% reduction in overall 
weight. 

Early cxperimcnls with a solid-state Marx generator 
and TWTs will examine system-level issues that include 
overall efficiency and the survival of imbedded electronic 
devices in a pulsed field environment. New technologies 
will be examined for advanced generator designs that 
include new capacitors with a high energy density.12 

I T  

11 B. Traveling- Wave Tube(TW1J Microwave Source 

Commercial inicrowave tubes are already 
availablc today using cylindrical electron beanis and 
conventionally-machined rf structures. However, a 
limitation of this technology is that it cannot be scaled to 
higher frequencies (which require smallcr sizes). The 
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Figure 3. Block diagram showing a single Marx section. 
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Figure 4 - Sheet beam traveling wave tube (TWT). The sheet beam and structure extend out of the page, for a total width of 
about 5 cm. 

energy density from the beam's own space charge 
becomes prohibitively large, causing the beams to become 
unstable and unusable. These physical limits, as well as 
the required machining tolerances, prevent conventional 
technology from satisfying emerging nun-wave 
microwave source needs due to the limitations in peak 
power to the kilowatt range. Other available compact 
microwave source alternatives, such as solid state 
IMPATT diodes, produce even lower output powers, 
typically a few hundred milliwatts. 

To meet the emerging need For high-power, about 
100 GHz and above microwave sources, Los Alamos has 
recently begun work on planar, nun-wave traveling wave 
tubes (TWTs). Our approach is to use a low-density sheet 
electron beam, passing through a very narrow gap in a 
planar mm-wave slow-wave structure that will be 
lithographically fabricated. Figure 4 shows a schematic of 
the sheet-beam TWT. 

The promise of the sheet-beam TWT is: high gain 
(nominal 40-60 d13), high efficiency (50% with a 
depressed collector), high t)andwidtb. (nominally 10s of 
dB), high peak power (500 kW), high average power 
(nominally 1-10 kW), atid a very small size (source size 
about one liter, and eventually about four liters including 
the compact high-voltage supply and pulsed power 
modulator). We have performed analyses and supporting 
experirncnts 011 this concept for the last two years. Two- 
dimensional modal calculations and particle-in-cell 
calculations have shown gains well in excess of 1 
dB/mm. l 3  

We have already developed and built a prototype 
low-power cylindrical beam gun and a planar slow-wave 
conversion stnicture a1 95 CHz in anticipation of 
proceeding with the development of the 0.5 MW sheet- 
beam TWT. Testing of this system is currently undcrwdy. 
This cylindrical gun could be the basis Ibr the injector for 
our proposed linac concept, however, a redesign of the 
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Figure 5 - 95-GHz W-band n/2 standing-wave mode linac cell structure: A) Side view, H )  Transverse view. 

gun is required to meet the lower beam current and 
emittance requirements. We have also designed a high- 
power sheet-beam electron gun and transport section, 
construction of which we expect to begin in the next 
several months. 

11 C. mm- Wave Linac Structure Geometry 

Figure 5 shows an example of the cell structure for 
the 95-GHz W-Band electron linac operating in the d 2 -  
mode standing-wave mode. The wavelength h is 3.156 

Say something about how many cells can be coupled 
together, mode spacing, etc. ‘? 

mm. The cav& dimensions as shown in the figure are 
~ 0 . 2 5  mm, b=1.00 mm, g=1.2 mm, and w=2.5 mm. 
Figure 5A is a side view of the cell. Figure 5 8  shows tlie 
transverse aperture and dimensions with the beam axis 
into the page. The MicrowaveStudio (MS) program was 
used to model the electromagnetic properties of this RF- 
cavity geometry. Figure 6 shows the MS results from the 
center of one accelerating gap to the center of the next for 
the 7d2 standing-wave mode. In Figure 6 the electric field 
is represented by the arrows with the relative size of the 
arrows indicating the field magnitude. As can be seen 
from the arrows, the cavity exhibits the desired mode 
properties, namely, the fields are out of phase by 180” in 
adjacent cavities and zero field in the coupling cell. Table 
I1 shows some RF parameters for this cavity geometry 
that were used to make the structure power estimates. 

A standing wave structure is chosen over traveling 
wave to minimize the required RF power. Standing-wave 
cavities are inherently more electrically efficient for 
relatively long-pulse operation such as required for this 
linac. Additionally, n/2 mode standing-wave structures 
have very stable field distributions, and are insensitive to 
beam loading and structure temperature variations. 

At present we are assuming a rectangular transverse 
cross-section structure geometry as is shown in Fig. 5B. It 
should be noted that in order to capture the electron beam 
from the gun at an energy of 0.120 MeV, the cells of the 
planar ridge-type structure will be graded along the linac 
structure by the beam velocity P (vic). 

Figure 6 - MS simulation results showing the 7d2 
standing-wave mode. 

111. STRIJCTURE FABRICATION AND COOLING 

Both tlie rnicrowavc source and the linac structure 
will require the use of microfabrication techniques due to 
the mm-size of the RF structures. Significant advances 
have been made in recent years in this area. In particular, 
“Lithographi, Galvanoformung, Abfonnung” (LIGA) is a 
deep X-ray photolithographic method that shows great 
promise as a method to produce these mm-wave 
 structure^.'^ LIGA is capable of producing structures 
having single-micron precision and alignment. Many 
components including, microturbines, electrostatic 



motors, linear actuators, and others are being 
manufactured by industry using LiGA. 

Excimer laser micromachining will also be explored 
as a possible structure fabrication method for the linac 
structure. It offers the advantage of being a direct process 
allowing machining of both conductive and non- 
conductive material~.’~ A mask is used as in 
photolithography, however the laser cuts the material 
through solid-vapor ablation where the mask is open. This 
process has the advantage of cutting the material without 
the addition of a significant amount of heat and the cuis 
can be controlled to a specific depth. Achievable feature 
sizes and precision is even better than LIGA. Using these 
proposed inicrofabrication techniques may require the 
linac structure to be made in two pieces ( top and bottom) 
that will require mechanical alignment. 

A preliminary finite element structural analysis of the 
cooling requirements for the linac structure was carried 
out using the COSMOS program.’6 Figure 7 shows a 
1.578 mm (h/2) long section of the proposed RF structure, 
cut at the two longitudinal midplanes, to produce the one- 
quarter channel. In this model, the walls are assumed to 
be 1 mm thick. The wall thickness can be increased if 
necessary to improve the mechanical and fabrication 
properties without adversely affecting the thermal 
properties. The internal half-height of the rectangular 
cavities is 1 mm, and the half-width is 1.25 mm. We have 
assumed an overall 1 m structure length and a total ohmic 
loss of 455 watts. This results in a uniformly distributed 
average heat flux of about 5 w/cm2 in the structure. 

In our simplified thermalhtructural model, the 
internal surfaces exposed to RF were given a uniform heat 
flux of 5 w/cm2 (No power was applied to the surfaces of 
the coupling “cavity” or to the top faces of the septa.). 
The two outer faces of the copper rectangular structure 
were assumed to be cooled by flowing water running 
parallel to the beam axis at 5 d s  bulk velocity. The 
coolant temperature was assumed to be 50’F. The other 
faces were assumed to be insulated (planes of thermal 
symmetry). Figure 7 shows the resulting temperature 
distribution. 

Note that the temperature difference between the 
outer copper face and the coolant (2.7”F) is greater than 
the temperature difference between the hottest point on 
the copper and the coolest point on the copper (1’F). This 
indicates that the outer wall thickness could be much 
greater without causing a problem with conduction 
temperature differences and resulting thermal stress. 
Indeed, the thermal stress resulting from this temperature 
distribution is only 200 psi, well below the yield point of 
even fully-annealed OFE copper. Our analysis assumes 
that the power is uniformly distributed in the cavities, 
however the power density may actually be higher in 
certain regions of the cavity such as on the thin endwall 
“septa” already shown to be the highest temperature 
regions in the figure. Our results indicate that power 

densities as high as 15 w/cm2 may be acceptable without a 
significant distortion or strt:ss problem. 

Figure 7 - Finite-element analysis of the planar ridge-type 
structure for a uniformly distributed average heat flux of 
about 5 w/cm2 in the struclure. 

in addition to the preliminary cooling analysis, 
estimates for vacuum pun-~ping of the meter-long structure 
were also completed. Based on prelirninary €23 modeling 
data, it does not see practical at this time to provide 
vacuum pumping through small ports in the sides of the 
individual cavities of the W-band linac. For our initial 
estimates we therefore assume that all of the vacuum 
pumping must occur through the axial beam openings. 
The to thc small size of the linac structure, we find that 
this linac is extremely conductance limited. 

For our estimates, it is assumed that the out-gassing 
rate for solvent cleaned, RI;-conditioned OFE copper is 
6,3x10-” Torr-liter/sec/cni’, and for OFE copper that has 
been vacuum baked to 300°C for 4 hours the rate is 
decreased to 2x IO-‘’ T4s-cm2. If the entire 1 -meter-long 
structure is pumped from one end only, the peak pressure 
(at the opposite end) will be greater than 8 ~ 1 0 - ~  Torr 
unbaked, and 2. .5~10-~ baked. This i s  much to high a 
vacuum for elcctrons. 

One solution to improve the pumping is to split the 1-  
meter-long structure into segments with pumping 
manifolds between each section. As an example, if the 
structure is split in two at its midpoint, so that pumping 
can occur at both ends and at the middle, the peak 
pressures occur at the quarter points resulting in > 5 . 3 ~ 1 0 - ~  
Torr unbaked, and >1.7x108 Torr baked; still not good 
enough. To obtain a sufficiently low vacuum (lo-’ Torr) 
using this approach requires splitting the structure into 
four 25-crn sections. More detailed calculations and 
perhaps other approaches are needed lo meet the vacuum 
requirements. It should be noted that only crude 



approximations for the vacuum conductance were used in 
this analysis. 

IV. GAMMA PRODUCTION TARGET 

As described earlier, the %MeV 70-mA electron 
beam strikes a tantalum target producing a 1500-Rad/min 
gamma dose at zero degrees and 1 m from the target. We 
have assumed a 22-Radmin-yA dose rate for our beam 
energy as given in Ref. 5. For optimal gamma production 
we have assumed a thin-film target thickness of 0.058 cin 
equivalent to 0.14 times the range. So far we have only 
completed a simple l-D calculation to estimated the 
required beam spot size on the target and the cooling 
requirements. The total average beam power on the target 
for the specified duty factor is 76 W. Beam spot size and 
cooling were estimated assuming a maximum allowable 
surface temperature of 830 OK for an air-cooled target and 
95 OC when water-cooling is assumed. The assumed 
values of emissivity, convection coefficient in air, and 
convection coefficient in water are, 0.8, 60 W/m2-OK, and 
1700 W/rn2-”K, respectively. Cooling of the target by 
radiation in vacuum or by using forced air on one side 
will require an approximately 2.0-cm beam spot on the 
target. It is estimated that the beam spot size can be 
reduced by approximately a factor of 5 if water cooling is 
used, however a more detailed calculation of thermal 
stresses will be required. Additional reductions in beam 
spot size may be possible using more sophisticated target 
cooling schemes such as spinning the target, but we have 
not yet explored these in detail. 

V. SUMMARY AND CONCLUSIONS 

In this paper we have described a miniature 
accelerator-driven gamma source concept. We have 
already developed and built a prototype low-power 
cylindrical beam gun and a planar slow-wave conversion 
structure at 95 GHz which will be tested soon and have 
designed the 0.5 MW sheet-beam TWT. More detailed 
engineering of the high-voltage subsystem, including 
examining packaging in order to reduce the size and 
weight, will be started soon. Multi-particle beam 
dynamics simulations of the planar ridge-type structure 
are in progress to determine more specific details of the 
linac design and to determine the operational 
requirements, however presentation of these simulations 
is premature at the time of this paper. Due to the 
extremely small structure size, cooling and vacuum issues 
will require more detailed attention, as will a scheme for 
coupling RF power intop the structure. 
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