
UCRL-52144 

THE ELECTRONUCLEAR CONVERSION OF FERTILE 
TO FISSILE MATERIAL 

C. M. Van Atta 

J. D. Lee 

H. Heckrotto 

October 11, 1976 

Prepared for U.S. Energy Research & Development 
Administration under contract No. W-7405-Eng-48 

I I \ M LAWRENCE 
l U g LIVERMORE 
k^tf LABORATORY 

UnrmsilyotCatftxna/lJvofmofe 

s$ 

PC 

mm 
DISTRIBUTION OF THIS DOCUMENT IS UMUMWTED 



NOTICE 

Thii npoit W M prepared w u account of wot* 
•pomond by UM Uiilttd Stalwi GovcmiMM. Nittim Uw 
United Stain nor the United Statn Energy tUwardi 
it Development AdrnWrtrtUon, not « y of thei* 
employee!, nor any of their contricton, •ubcontrecton, 
or their employe*!, makti any warranty, expreai « 
Implied, or m u M i any toga) liability oc reeponafctUty 
for the accuracy, completenni or uMfulntat of u y 
Information, apperatui, product or proem dlecloead, or 
repreienl. that tu UM would not *nfrkig» 
prrrtt*)}MWiwd r%hl». 

NOTICE 

Reference to a oompmy or product rum don not 
imply approval or nconm ndatjon of the product by 
the Untnrtity of California or the US. Energy Research 
A Devetopnient Administration to the uchvton of 
others that may be suitable. 

Printed In the United Stitei or America 
Available from 

National Technical Information Service 
U.S. Department of Commerce 
528S Port Royal Road 
Springfield, VA 22161 
Price: Printed Copy S : Microfiche $2.25 

DMimtic 
P»t» Ranflt PHca *•#» Rtnft 

001-025 $ 3.50 326-350 
026-050 4.00 351-375 
051-075 4.50 376-400 
076-100 5.00 401-425 
101-125 5.50 426-450 
126-150 6.00 451-475 
151-175 6.75 476-500 
176-200 7.50 501-525 
201-225 7.75 526-550 
526-250 8.00 551-575 
251-275 9.00 576-600 
276-300 9.25 601 -up 
301-325 9.75 

*Ml J2.50 fot «ch iddltlOMl 100 pip tacmitMt from 601 ID 1,000 flfcK 
IM 54.50 for eicli iMUknal I0O plfe feenmMI om 1,000 p*o. 

M M 

10.00 
10.50 
10.75 
11.00 
31.75 
12.00 
12.50 
12.75 
13.00 
13.50 
I3.7S 



D i s t r i b u t i o n Category 
IX-20 

119 
LANWRENCE UVERMORE LABORATORY 

UmmsityolCaMunia tMmwftCaMoma W550 

L'CRL-5214.'. 

WE EIECTRONUCIEAR CONVERSION OF FERTILE 
TO FISSILE MATERIAL 

C. IS. Van Atta 
J. 1). Lee 

W. Hockrotte 

MS. date; October 11. 197t> 

— -WOTICI . 



Contents 

Abstract ' 
1. Introduction 1 
2. Neutron Vlclds va Energy for Dcutcron Honbordnent . •'< 
3. Description of 500-McV Dcuicron Accelerator H 

Injection System s 

The I.inac Structure 1" 
The rf Power System 13 
Monitoring and Control 15 
Bean Monitoring ' 5 

High-Energy Bear. Transport ! (> 
Accelerator Shielding and Activation 17 

4. Primary Target Performance 1" 
5. Performance of Secondary Target Systems 20 

Introduction 20 
Cranium Secondary Target 21 

Nuclear Performance 21 
System Power Balance 22 
Energy (;ain 23 
Cost Estimate 24 

Thorium Secondary Target 29 
Nuclear Performance . . 29 
System Power Balance 30 
Energy Gain 31 
Cost Estimate 31 

Uranium-Thorium Secondary Target 31 
Nuclear Performance 31 
System Power Balance 33 
Energy Cain 34 
Cost Estimate 34 

Summary of Secondary Target System Performances 34 
6. Suggested R&D Program on the Electronuclear Conversion of 

Fertile to Fissile Material 36 
239 

Pu Production in Depleted Uranium by 460-MeV Deuterons 
from the 184-in. Cyclotron 37 

-iii-



Nuclear Theory of the Electronuclear Process 38 
Accelerator Design and Injector Development 39 
Target and Process Design Studies 40 

7. References 41 
Addendum 4 3 

-iv-



THE ELECTRONUCLEAR CONVERSION OF FERTILE 
TO FISSILE MATERIAL 

Abstract 
The electronuclear conversion of fertile to fissile material by 

accelerator-produced neutrons Is discussed. Experimental and theoretical 
results obtained in the MTA program (1949-1954) on the production of low-
energy <<20-MeV) neutrons by high-energy proton, deuteron, and neutron 
bombardment of target materials are briefly reviewed. More recent calculations 
of the cascade process, by which the low-energy neutrons are produced, are 
discussed. A system is described by which 500- tc. 600-MeV deuterons incident 
on a lithium primary target can be converted to high-energy neutrons, which 
can be multiplied by spallation cascades and nuclear excitation to produce 
low-energy neutrons in a depleted-uranium or thorium secondary target. Fission 
events producing heat and additional neutrons are produced. The evaporation 
and fission neutrons vould be captured, producing fissile material. The 

239 233 production rates for Pu and U are estimated for 0.25-A and 0.375-A 
deuteron beams from an Alvarez Linac. The capital and operating costs are 
estimated and the resulting costs of finsile materials calculated. The cost 
of generating power in reactors using the fissile material so produced as 
make-up fuel is also estimated. The energy multiplication (power generated in 
reactors so fueled/power consumed by the accelerator) ranges from about 10 tc 
about 50 depending upon the make-up of the secondary target: depleted uranium, 
thorium, or a combination of the two. An experimental and theoretical program 
to facilitate optimization of the parameters of a production installation is 
described. 

1. Introduction 

The motivation for reviewing the electronuclear process for breeding 
fissile material at this time is to determine whether this process may be a 
viable option in the energy field. This report describes a system which is 
certainly feasible, but not necessarily optimum in the choice of parameters. 
The economics of the system are roughly approximated for the particular choice 
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239 ^33 of parameters for the production of Pu and " I'. The estimated cost ( 100 
$/g) of fissile material so produced is high by today's standards; however, 
the overall energy balance appears to be favorable in terms of the energy 
consumed in making the fissile material and the energy generated from that 
product when it is burned in a reactor. Also, the estimated cost of power from 
conventional fission reactors fueled by thi:* process is le«s than 
30 mills/kWh. 

Whether the costs, which are dominated by the capital charge, are 
23'\ acceptable depends upon the projected cost of l' for future reactors, the 

239 construction and operating costs of breeder reactors, the availability of Pu 
for breeder-reactor start-up, and the cost of ecologically acceptable power from 
other sources such as coal, solar radiation, shale oil, etc. The greatest 
short-term benefit of studies of systems of the type described herein may well 
be to set an upper limit to the price of fissile material by reducing the 

235 dependence upon V from uranium ore. 
The yield of neutrons emitted by the bombardment of tsrget systems with 

hii;h-energy deuterons, protons, and neutrons, and their use in the production 
239 233 of Pu and V, were investigated at the University of California Radiation 

Laboratory and the Livermore Research Laboratory (Calif. R&D Company) during 
the period 1949 to 1954. The total yield in terms of (neutrons)/(beam particle) 
•»as measured using thick, depleted-uranium targets and combination targets 
consisting of a deuteron- or proton-range thickness of various "primary target" 
elements followed by a thick, depleted-uranium "secondary tarfcit." The highest 
yields were obtained from the thick, depleted-uranium target, i.e., by a 
uranium primary target followed by a uranium secondary target. A close 
competitoru however, was a beryllium or lithium primary target bombarded by 
deuterons followed by a thick uranium secondary target. Yields for the 
beryllium and lithium primary targets were identical within experimental error. 
A markedly lower yield of neutrons emitted from a thorium as compared with that 
from a uranium target was observed. The higher neutron capture cross section 
and lower fission probability in thorium appear to account for this 
difference. 

Light-element primary targets have the advantage of much less generation 
of thermal power in much greater depth as compared with uranium, for which iJ 
fissions add substantially to the heat load due to the high-energy particle 
beam. The light-element primary targets are vevy efficient in the conversion 
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of high-energy deuterons into high-energy neutrons; they consist mainly of two 
components, stripped neutrons and spallation neutrons, the former being tightly 
forwardjy directed relative to the incident bean, and the latter being more 
dispersed in angle from the incident beam. At high energies, such as 500 MeV 
for deuterons, the high-energy and (to a lesser extent due to ionization energy 
loss) the equal number of high-energy protons induce further nuclear events, 
producing additional high-energy neutrons within the range thickness of the 
primary target. Much of the incident-particle beam power is carried into the 
secondary target by the high-energy stripped and spallation neutrons. 

The high-energy neutrons penetrate deeply into the secondary target, 
238 producing cascades of high-energy spallation nucleons and highly excited V 

nuclei. The latter emit a sequence of evaporation neutrons (and a few protons, 
deuterons, tritor.s, He, and alphas) until the nuclear temperature '.s reduced 
to 10 MeV or less; during the course of this evaporation sequence, about 852 
of the nuclei undergo fission and emit 2.5 or mor^ fission neutrons. Typically, 
fission will occur before the e\aporation sequence has been completed, and 
additional evaporation neutrons will be emitted by the excited nuclear fragments. 
In a sufficient thickness of uranium secondary target (that surrounds the primary 
target except for a beam-admittance aperture), a neutron spectrum consisting 
of three components is produced. The three components are: 

238 
• Neutrons evaporated from highly excited U nuclei, their energy 

distribution being similar to that -shown in Fig. 1 by the solid line 
and having an average energy of about 3 MeV. 

238 
• Fission neutrons from fast fissions of U. 
• A high-energy tail of neutrons from stripped and spallation neutrons 

that were not completely converted in the secondary target 
into either of the preceding distributions. 

The primary target assembly may be located in a cylindrical vacuum tank 
and be surrounded by a secondary target consisting of depleted uranium and 
coolant. The secondary target would provide for multiplication of the 

* 
In a uranium target, 20E of the incident 500-MeV deuterons reach the end of 

their range without nuclear events and lose 43% of their energy by ionization; 
however, in lithium only 3% of the 500-MeV deuterons reach the end of their 
range and lose only 20% of their energy by ionization. For the latter case, 
see Table 2, p. 19. 
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Fig. 1. Neutron energy distribution, showing evaporation-fission spectra for 
90-MeV nuclear excitation of uranium and thorium, high-energy tail, and 
points calculated fiom the measured spectrum. 

high-energy neutron spectrum from the primary target assembly and for capture 
23** of the resulting low-energy (0- to 20-MeV) neutrons to produce Pu. The 0.3% 

235 
U content of depleted uranium would play a very minor role in these processes. 

Alternatively, the secondary target could contain thorium for the production 
C 2 3 3 1 -

of U. 

2. Neutron Yields vs Energy for Deuteron Bombardment 

Although both protons and deutrons were used in experiments during the 
1949-1954 period, the latter will be emphasized in the discussion of neutron 
yields because in all cases in which direct comparisons were made, the neutron 
yield of deuterons was significantly greater than that for protons of the same 
energy. The yields of neutrons emitted from various target assemblies were 
measured at deuteron energies of 38, 125, 190, and 230 MeV. In most of the 



experiments at a deuteron energy of 190 MeV, primary targets of one range of 
lithium, beryllium, aluminum, copper, moiybdenum, thorium, and uranium were 
lombined with a uranium secondary target. The yields of emitted neutrons as 
a function of uranium secondary taiget thickness for these target assemblies 
bombarded by i90-Mc-V deuteruns are show, in Fig. 2. 

Concurrently with the experimental program, calculations of the cascade 
prni esses, by which the incident deuteron beam produces evaporation and fission 

2 neutrons within an extended uranium target, were carried out, and the internal 
in. tron yield was extrapolated from the experimental energy range to much higher 
energies. These results, experimental and theoretical, were reviewed at the 
Lawrence Llvermorc Laboratory (LLL) in 1965 by Canfield. He pointed out 
deficiencies in the neutron yield measurements reported in Ref. 1 that resulted 
in largp unmeasured neutron leakage and updated the cascade calculations of 
Ref. 2 by substituting modern values of cross sections not available in 1953. 
Canfield's results in terms of the number of neutrons produced per incident 
deuteron are shown in Fig. 3. From this curve, one can determine the energy 

4 6 
Thickness of secondary U - in. 

10 12 

Fig. 2. Yield vs thickness of secondary uranium for various primary targets 
bombarded by 190-MeV deuterons. 
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in MeV expended per neutron produced (see Fig. A), which decreases steeply with 
Increasing deuteron energy from 200 to about A00 MeV and then approaches an 
asymptotic value of 10 MeV/neutron or less at very high energy (̂ 1000 MeV). 
For 500-MeV deuterons, the curve in Fig. A predicts the cost of neutrons in 
energy to be about 12 MeV/neutrcn. 

More recent calculations of the yield of neutrons by high-energy deuteron 
bombardment of uranium have been carried out by Earashenkov, Toneev, and 
Chigrinov using a very large uranium target, 120 cm in diameter and 90 cm in 
length. They assumed in this cascade calculation that the deuteron beam was 
incident at the bottom of a 26-cm-deep well in the circular face of the very 
large uranium tfirget. The nev'ron yield calculated for this target configuration 
was about 15% greater than thai i£ Canfield over the energy range 300 to 500 
MeV. The curves in Figs. 3 and 4 passing through the calculated neutron yields 
at 300, 660, and 1000 MeV represent the results of their calculation. Only 
about 6% of their higher-yield results can be attributed to their choice of 
natural uranium (0.72% U) instead of U. The lower curve in Fig. 3 shows 

Deuterons 

i I i I i lil 

Fig. 
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Toneev, and Chigrinov.* 
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their results for protons from the same target configuration. In the very 
large uranium target used in their cascade calculation, most of the neutrons 

0 1Q o •an 
produced CVMS!) were captured in U, producing Pu. The neutron yields 
calculated in Refs. 2, 3, and 4 include not only the evaporation and fission 

238 neutrons produced by the highly excited U nuclei but also the neutrons from 
subsequent fission events produced by the evaporation neutrons. 

The energy distribution of neutrons emitted by a thin uranium target 
bombarded by 190-MeV deuterons was measured at the Lawrence Radiation Laboratory 
by proton recoils in nuclear-pljte emulsions and in a cloud chamber! with results 
shown in Fig, 1. Also shown in this figure is the evaporation neutron 

2 distribution calculated by Old for an initial nuclear excitation of 90 MeV, 
The greater number of neutrons at high energy observed experimentally implies 
incomplete conversion of high-energy neutrons to evaporation and fission neutrons 
in the thin uranium target. Measurements at energies above 11 MeV could not 
be made because of the excessive path lfjn̂ th of the recoil protons. 

In the postulated use of 500-MeV deuterons incident on a lithium primary 
target, the average energy of the stripped neutrons from a thin target would 
be 250 MeV, and the average energy for a thick target (deuteron-range thickness) 
would be about 105 MeV (see Table 2, p.19). The average excitation energy 

238 transferred to U nuclei by these neutrons would be about 100 MeV, with some 
of the excess energy of the more energetic neutrons being transferred to 
spallation nucleonf, causing additional TJ nuclear excitations and fissions 
deeper into the secondary target. The "source" neutron spectrum (0 to 20 MeV) 
produced within uhe uranium secondary target should therefore approximate that 
shovn in Fig. 1 with a somewhat enhanced high-energy tail as indicated by the 
dotted line. The curve has been adjusted so that the integral under the curve 
equals the anticipated yield of 24 neutrons/deuteron at 500 MeV. These neutrons 
are the "source" isotropic neutrons which would produce additional fission and 

.. , 238,, . . 239„ capture events in u, producing Pu. 
For 0.25 A of 500-MeV deuterons, the anticipated "source" neutron yield 

is 

Y = 24 x 1.56 x 1 0 1 8 = 3.75 x 10 1 9 neutrons/s. 

This neutron yield can be utilized within an extended secondary target containing 
239 depleted uranium for Pu production. Alternatively, the secondary target may 233 contain thorium for the production of U. 
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3. Description of 500-MeV Deuteron Accelerator 

The 500-MeV deuteron accelerator envisioned would be an extension of the 
0.25-A, 30-MeV accelerator proposed by the Lawrence Laboratories for neutron 
materials testing in January 1976. Except f< r the thicker shielding required 
beyond 30 MeV, the accelerator structure ar.«l high-frequency power installation 
would be an extension of those elements appropriate for 500-MeV output energy. 
The injector and input-beam transport system would be similar to that proposed 
for the "upgraded" (0.25-A), 30-MeV accelerator except that each of the two ion 
sources would be provided with its separate power supply. 

INJECTION SYSTEM 

A plan view of the injection system is shown in Fig. 5. Two complete 
injectors are specified to facilitate a quick substitution in the event of 
failure of one of the ion sources or its power supplies. Each injector would 

consist of a 750-kV, 1-A Cockcroft-
Concrete 

750-kV shielding 
power 
supply 

Motor-generator-
set 

Walton powsr supply, an ion source 
with its motor-generator-driven power 
source, and a high-gradient accelerator 
column. The beam transport system 
includes a switching magnet to steer 
either beam through a buncher into the 
input aperture of the first cavity of 
the Linac. 

Intense ion sources have been 
under development at LLL snd Oak Ridge 
National Laboratory (ORNL) for many 
years. The LLL MATS III ion source 
has been developed for steady-state 
operation with a D+ ion current of 
0.5 A at 20 keV and emittance of 
0.2 cm.mrad. Allowing for some 
emittance blowup and deuteron loss 

5. Dual injector system. 
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in the injection system, this beam output is a reasonable match 
to the required Linac brightness. Figure 6 shows the MATS source mounted on 
a high-gradient accelerating column. The duopigatron source developed at ORNL 
is another good alternative to the MATS source. 

Due to the high power level of a 750-keV, 450-mA, continuous beam required 
to ensure acceleration of 0.25 A to high energy, it would be desirable to 
operate the ion source in a pulsed mode during start-up. Provision for 
operation at 1 pulse/s with pulse length of 1 ms and with reduced ion-beam 
current during start-up would meet this requirement. 

The high-gradient accelerator column illustrated in Fig. 6 is of the type 
used successfully for several years at Brookhaven National Laboratory (BNL), 

High-gradient column 

Fig. 6. Ion source and high-gradient column. 
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LEL, and other laboratories. A modular design of 3 to 6 sections is chosen to 
facilitate assembly, alignment) and module replacement (if necessary). To 
reduce field emission, the electrodes and all other metal pans in the column 
are made of titanium alloy. The electrodes are suitably shaped to shield the 
beam from electrostatic charges on the insulators. Based on existing designs, 
the electrode apertures would taper from 5 cm to 8 cm diameter, and the total 
length of the accelerating-gap section would be 10 cm, with a column length of 
1.3 m. The operating pressure in the column should not exceed 5 x 10~ Torr 
during high beam-current operation. In an alterritive design that would reduce 
substantially the gas and unwanted D, and D, ions entering the high-gradient 
column, the ion source would be moved back from the column. Ion separation and 
differential pumping would be interposed between the ion source and the entrance 
aperture of the column in the high-voltage terminal. As a part of a preliminary 
R&D program before authorization of major construction, an injector system with 
this rather straightforward improvement should be constructed and the design 
optimized experimentally. 

As shown in Fig. 5, the 750-keV beam from the injector would be transported 
approximately 5 m through a double-gap harmonic buncher to the first gap of 
the Linac by a system of four quadrupole triplets and a 45° switching magnet. 
Modulation of the beam envelop? would be kept small to minimize emittance growth 
from nonlinear space-cJiarge forces. The space-charge effects can be greatly 
reduced by neutralization of the unmodulated beam upstream from the buncher. 
An operating pressure of about 10 " Torr in the beam line is calculated to be 
adequate to ensure space-charge neutralization without causing significant beam 
loss due to scattering or charge-exchange recombination. 

THE LINAC STRUCTURE 

239 The Linac structure envisioned for the electronuclear production of Pu 
233 and U would be an extension of the 0.25-A, 30-MeV accelerator proposed by 

the Lawrence Laboratories in January 1976 for studies of neutron damage to 
materials. The 500-MeV Linac operating at 50 MHz would be about 4 m in diameter, 
780 m in length, and divided into 101 cavities. Space between the cavities 
would be adequate to provide for beam probe and collimator instrumentation, 
radiation monitoring, and additional focusing quadrupoles as required. A plan 
view of the accelerator installation is shown in Fig. 7. 
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Cooling towers 

90° beam-bending magnet -

- Control room 

0 5 10 

Fig. 7. Plan view of 500-MeV accelerator, beam line, and production facility. 

The drift-tube shells containing quadn.ipc.ic focusing magnecp would be 
flooded with coolant channeled to provide adequate flow around the bore tubes 
to dissipate the high beam-power losses anticipated in the first cavity. 
Although beam losses beyond the first cavity would not exceed 0.2%, the high-
energy neutrons would present a major radi.-ttion damage hazard for tape-wound 
quadrupole magnets of the type used in the SuperHILAC. Beyond the first cavity, 

7 quadrupoles with mineral-insulated conductors would be required. 
Drift-tube alignment must be maintained within 0.1 mm. The pulaed-wire 

Q 

technique developed at the SuperHILAC, which facilitates alignment with this 
precision, can be used both during construction and for realignment after the 
drift tubes have become activated during operation. This procedure can b» 
carried out without requiring that crew members remain near the drift tubes. 

To avoid deterioration of elastomers by radiation damage, all-metal vacuum 
gaskets would be used throughout the accelerator and beam-transport lines. 
All-metal gasketed flanges and vacuum valves that have been highly developed 
at LLL for ultrahigh-vacuum service operate over a much wider temperature range 
than would be required for their use in the operation of a Linac. Base pressure 
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of 10 ° Torr can be easily achieved, and an operating pressure in the 10 Torr 
range would be required to minimize emittance growth due to residual gas scattering. 

Drift tubes would be designed to provide access for easy servicing and 
to facilitate removal and replacement through large tank ports. Spare units 
would be fabricated for any drift tubes that might need replacement because of 
failure. To minimize activation of the drift-tube surfaces, removable 
collimators would be inserted at frequent intervals C-5 MeV) at the diaphragms 
between cavities to scrape off the beam halo resulting from gas or other 
scattering. Above 10 MeV, the drift-tube bores would be fitted with easily 
removable sleeves that could be disposed of quickly during maintenance and 
repair procedures and would further minimize the activation of the drift-tube 
surfaces. The same precautions would be taken in the high-energy beam transport 
system: removable collimators would be placed at Intervals to scrape off the 
beam halo which might otherwise cause troublesome activation of exposed surfaces. 

The general parameters of the accelerator envisioned are given in Table 1. 
The alternative 0.375-A case is believed to be attainable by the development 
effort on injection mentioned above. 

Table 1. General parameters for 500-MeV deuteron Linac. 

Parameter 0.25-Abeam (CW) 0.375-A beam (CW) 

Beam power (MW, CW) 125 188 
Injection energy (keV) 
Normalized emittance (injei-t: cm-mrad.) 
Minimum bore radius (cm) 
Linac frequency (MHz) 
Average axial E-field (MV/m) 
Acceleration rate (MeV/m) 
Stable phase 
Drift-tube quadrupole sequence 
Integrated quadrupole strength (kG) 
Total rf power (MW) 
Number of cavities 
Linac length (m) 
Total power input (MW at 60 Hz) 

Injector 
Quadrupoles 
rf system 
Auxiliary power (cooling, vacuum, control) 

750-800 
0.84TT 
2.25 
50 
1 
0.62 - 0.74 
-30° 
N = 1(+ - + 
15.7 

-) 

172 
101 
780 

235 

290 390 
1 1 
2 2 

265 365 
22 22 
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THE rf POWER SYSTEM 

As in the upgraded version (0.25-A) of the proposed 30-MeV deuteron 
accelerator for radiation damage studies, each I.inac cavity of the 500-MeV 
Linac would be powered by two 50-MHz amplifiers, together with amplitude and 
phase control loops, cavity tuning control, and power supply as shown in 
Fig. 8. The only difference would be that the final amplifier tube would be 
duplicated. Other components in the rf syotem would be upgraded to match the 
maximum output of the two amplifier tubes. The rf power system would then be 
capable of accelerating of the order of 0.375 A to 500 MeV provided injection 
and beam dynamics problems of the higher beam current could be managed. At 
0.25 A, the system would be conservatively rated and would give long and 
reliable service. 

Power 
supply & 
filter 

Power 
supply & 
filter 

Switch Crowbar 
Power 

supply & 
filter 

Switch Crowbar 

rf 
amplifier_ 
reference 
level 

Distribution ^ ^ 
amplifier & I ' 
master 

oscillator 

Phase 
reference -
level 

Elect. 
phase 
shifter 

Anplitude 
comparator 

Elect. 
phase 
shifter 

Screen 
modulator 

Phase 
detector 

Driver 
Final 

amplifier = 1 

Final 
amplifier - 2 

Beam 
loadinq 

reference 
level 

Phase det. 
S servo 

amplifier 

,J 
Typical 
cavity 

,P 

^ J Tuner 

Fig. 8. Typical cavity rf system. 
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The rf amplitude and phase of each cavity would be independently adjusted 
by control loops similar to those now employed on eight cavities of the 
SuperHILAC. The control loops wou~i be fast enough to allow for variations in 
beam loading. A cavity-tuning servo would be provided to handle the reactive 
portion of the beam loading. Well tested computer techniques would be used to 
determine the reference levels for the control loops and to monitor operating 
parameters. A separate dc power supply for each amplifier system would consist 
of two conventional, three-phase, solid-state converters in series, connected 
for 12-pulse operation and followed by a filter to remove fast transients. A 
crow-bar would be used to protect the final tubes in case of a fault. Use of 
separate power supplies, rather than one large one, would make short-circuit 
currents much more manageable during fault conditions. A switching system 
between the power supplies and the final tubes would allow the Linac to continue 
running at reduced energy with the final cavities unactivated in the event of 
excessive power-supply failure. Spare power supplies would be provided in the 
switching system to allow full operation in the event of failure of some of the 
power supplies. 

In a 0.2S-A or 0.37S-A deuteron accelerator, the beam loading is several 
times larger than the copper-loss loading and is 30° out of phase. The 
resulting load on the final amplifiers is reactive and can be dealt with in one 
of three ways: 

• The amplifiers can supply the reactive load that will increase the 
tube dissipation and thus reduce the power the tubes can deliver. 

• A phase shift can be introduced between the amplifiers and the cavity. 
This remedy is satisfactory during steady-state operation, but may 
impose high voltages in the drive line during transient cor.'itions. 

• The cavity can be tuned slightly off resonance when beam loading is 
present, so that the reertive energy required by the beam Is just 

9 compensated by the reactive energy unbalance in the cavity. 
In the last-named remedy, the amplifiers would then see a resistive load 

while the beam is on; but the amplifiers must provide the unbalanced reactive 
energy in the cavity when the beam is turned off. Should the beam be off for 
an extended period, the power dissipation in the amplifier tubes could be 
reduced by adjusting the beam-loading reference level to brinfe the cavities 
back to resonance. 
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MONITORING AND CONTROL 

The 500-MeV Llnac would have less stringent real-time requirements than 
the SuperHILAC, which is operated in a time-shared mode requiring three real
time computers linked to a large central computer that is interfaced with the 
operator control consoles. For the deuteron Linac, only one real-time control 
computer would be required in addition to the central computer. In other 
respects, the control systems would be similar. 

It is now understood and verified by experience that software design, 
implementation, and documentation make up the largest part, in both time and 
cost, in the construction of a computer control system. By using already 
developed and tested subsystems wherever possible, significant savings in time 
and cost can be realized. The subsystems required for monitoring and control 
of a deuteron Linac have been developed and employed by the LBL Real Time 
Systems Group and could be utilized to perform the same functions. 

A separate computer system would be required to monitor events occurring 
in the target system. The two systems could be linked to allow the sharing of 
peripheral equipment such as printers, mass storage devices, etc. A variety 
of instrumentation would be required to monitor events and conditions in the 
primary and secondary targets, and some of these instruments would have to 
feed into the accelerator control computer system. Interlocks required for 
personnel safety would be hard-wired, with only monitoring performed by computer. 

BEAM MONITORING 

The deuteron beam intensity would be monitored by induction coils at the 
Linac entrance and exit and at the between-tank diaphragms. These detectors 
would be useful primarily for making adjustments during start-ups, but would 
probably be inadequate to detect beam losses of less than 12. Sensitive neutron 
detectors installed inside the drift tubes at several locations along the Linac 
would facilitate proper adjustment of steering magnet currents, drift-tube 
magnet currents, rf gradient and phase; they would also allow for the adjustment 
of the between-tank collimators for minimum loss of beam particles. Continuous 
monitoring of these detectors by the computer at a 5-Hz sampling rate could alert 
the operator or shut the machine down should preset loss limits be exceeded. 
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HIGH-ENERGY BEAM TRANSPORT 

As shown in Figs. 7 and 9, the 500-MeV deuteron beim would be transported 
horizontally about 50 m through a sequence of quadrupole lenses. A 90° bending 
magnet would then steer the beam vertically downward inio the target and lattice 
structure located underground. For tune-up, the accelerator would be operated 
at a low duty cycle with the bending magnet turned off. A tune-up target placed 
at the end of the horizontal beam-transport tube would be Instrumented to 
determine beam profile at the end of a deep, Faraday-cup beam catcher. After 
preliminary tune-up, the. bending magnet would be turned on, and the beam would 
be steered with the aid of beam sensors vertically downward through the beam 
aperture into the target assembly. 

To condense any lithium vapor migrating up from the primary target, there 
would also be an extension upwards from the vertical beam tube into a chamber. 
Since the melting point of lithium is 179°C, and its vapor pressure is 
10~ Torr at 327°C, the lithium vapor streaming up the vertical beam line at a 
pressure in the 10 Torr range can be easily condensed at room temperature and 

-Injectors 
•Electronics r-rf amplifiers 

-780 m 

90" beam-bending magnet• 

0 5 10 
m 

Production target pit-
Start-up target • 

Fig. 9. Vertical section view of 500-MeV accelerator, beam line, and production 
facility. 
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prevented from migrating into the end of the accelerator 50 m away along the 
horizontal beam line. 

ACCELERATOR SHIELDING AND ACTIVATION 

Neutron intensities would dominate the shielding requirements for the 
500-MeV de.uteron accelerator and beam line, 

As shown in Fig. 5, the dual injector system would be shielded by concrete 
walls to allow maintenance and repair work to proceed on one injector while 
the other is operating. If one assumes that 7 * 10 2.5-MeV neutrons/s would 
be produced by deuterons from stray beam impinging with a source strength of 
200 mA at 750 keV on the deuterium adsorbed on eyposed surfaces, the shielding 
requirement ' would be a 150-cm-thick concrete wall of 2.4-g/cm density. 
This thickness would be more than adequate for shielding against bremsstrahlung 
radiation from the backstreaming of 200 mA of 750-keV electrons toward the 

12 high-voltage end of the high-gradient accelerating column. 
The first cavity of the Linac would be the source of neutrons from that 

portion of the injected beam of deuterons at 750 keV which falls outside the 
acceptance parameters of the first accelerating gaps. Assuming a source of 7 
* 10 neutrons/s from 50 mA of beam particles striking deuterium absorbed on 
surfaces, 150-cm-thick concrete shielding (2.4 g/cm ) would be required between 
the injectors and the first cavity. 

The shielding of the Linac and beam tube would consist of a reinforced 
concrete tunnel covered by earth. Assuming the loss of 250 uA of deuterons 
from 10 to 40 MeV along the third through ninth cavities of the accelerator, 
and assuming another 250 UA throughout the remaining length of the accelerator, 
the neutron yields would range from 3.4 * 10 neutrons/s at 10 MeV to 1.5 

14 15 
* 10 neutrons/;; at 40 MeV and finally to 1.5 * 10 neutrons/s at the 
output energy of 500 MeV. Although these neutrons would be increasingly 
iorwardly directed, an isotropic distribution due to scattering and cascades is 

3 conservatively assumed. The required earth shielding (2.0 g/cm ) would be 
approximately 6 m of earth to permit a 5-h/wk exposure for personnel working 
in th«. electronics balcony while Che accelerator iz operating (see Fig. 9). 

The estimated capital and of gracing costs of the accelerator are given 
in Table 5, n. 26. 
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4. Primary Target Performance 

Vertical 
beam tube 

Depleted-U 
secondary 
target 

A vertical cross section of the primary and secondary target assembly 
envisioned for the production of ^ Pn or U by 500-MeV deuteron bombardment 
is shown in Fig. 10. 

The primary target would consist of a pool of liquid lithium 180 cm in 
depth (.the range is about 171 cm) and SO cm in diameter contained in a double-
wall cylindrical tank. The liquid lithium would be circulated from the bottom 
of the pool through an external heat exchanger and returned through the annular 
space between the double walls of the tank to the top of the pool as shown in 
Fig. 10. A bypass stream of lithium would pass through a vacuum degassing 

chamber for removal of hydrogen, tritium, 
and helium generated by deuteron bom
bardment. The total mass of lithium 
in the pool would be about 190 kg (about 
354 litres). Assuming twice this amount 
in the external circuit, the total mass 
of lithium required would be abont 5 70 kg 
(1,060 Hi.i.es). Since for 0.25 A of 
500-MeV deuterons less than 75 WW of 

(LI pool) beam pcwer would be dissipated in the 
primary target (see Table 2), the flow 
rate .rer'-ired to maintain the lithium 
a- about 350°C would be about 270 litres/s 
if ti. return stream from the heat 
exchanger is maintained at 200°C 
(21°C above the melting point;. The 
total iithJ am supply would on these 
assumptions be completely cycled through 

the target pool about 15 times, per minute for 0.25-A bear, current and about 22 
times per minute for 0.375-A beam current. During beam shutdown periods and in 
preparation for start-up, the lithium would have to be heated in the external 
circuit. The primary target assembly would be contained in a vacuum tank 
connected to the bottom end of the vertical section of the beam line. 

To protect the accelerator from possible failure in the primary target 
assembly, two quick-closing vacuum valves, one located in the beam tube near 
the exit from the accelerator and the ither in the vertical section of the beam 
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tube above the target assembly, would be closed should the pressure r i s e above 
a preset value in the target tank or a faul t be detected in the l iquid-metal 
c i rcula t ing system. A separate vacuum system would be provided to evacuate the 
primary target vacuum tank to f a c i l i t a t e maintenance of good vacuum conditions 
in the target tank during operation and to pump down the tank to operating 
pressure before resuming beam operation. 

In Table 2, the following operating parameters of the primary target are 
tabulated: 

• Attenuation of 50C MeV-deuterons (d/d 0 ) in the l iquid-l i thium target 
due to nuclear in teract ions. 

Table 2. Primary target operating parameters. 

Heat disslpation(MW) Interactloni 
Deuterons Protons Direct Indirect 

f d 
(MeV) 

Ed 
(MeV) 

for 0.25-A deuceron 
bean 

Range 
2 

(cm) (g/cm ) 
AR 

(g/cm ) 
X d/dQ 

1.000 

ln*,kn*) 
(p*,kn*) 

500 171 89.5 

d/dQ 

1.000 
465 12.6 28.0 18.2 0.723 0.515 0.53 

430 137 71.3 0.485 
413 3.4 8.9 11.8 0.468 0.178 0.16 

396 114 59.5 0.307 
365 3.7 6.1 14.8 0.588 0.137 0.09 

334 86 44.7 0.170 
297 2.4 2.8 15.2 0.603 0.077 0.04 

260 57 29.5 0.093 
225 1.2 1.1 12.9 0.512 0.037 0.01 

190 32 16.6 0.056 
140 1.0 0.37 12.3 0.438 0.022 -

90 8.3 4.3 0.034 
45 0.7 0.03 4.3 0.170 0.005 -

0 
25.0 

0 
Total 

0 
nuclear interactions: 

0.029 
0.971 Totals 25.0 47.3 

0 
Total 

0 
nuclear interactions: 

0.029 
0.971 

Total heat Neutrons/interaction: 1.2 
dissipation: 72.3 MW Total primary n*/d: TTTT 

Total 
Total 

cascade neutrons/deuteron: 
energetic neutrons/deuteron: 

0.83 
2.0 

Average neutron energy • 52.7/125 x 1/2.0 x 500 - 105 MeV 

18 l & 
Energetic neutron production - 2.0 x 1.56 x 10 » 3.1 x 10" n*/s 
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• Heat dissipation for 0.25 A of deuterons and stripped and spallation 
protons. 

• Nuclear interactions versus path length and total nuclear interactions. 
• Energetic neutrons produced by direct deuteron interactions and 

subsequent cascade (n*, kn*) and (p*, kn*) reactions. 
From Crandall and Millburn (see Fig. 2 in Ref. 1), 190-MeV deuterons 

2 
incident on a one-range lithium target (30.9 cm or 16.4 g/cm ) produced 0.6 
eneraecic neutrons/deuteron (n*/d). The inelastic cross section o. = 0.46 b 

in 
and the nomber of neutrons produced per interaction was 1.2. Assuming a. is 
independent of the deuteron energy, the beam attenuation is given by d/d. » e , 
in which x - •, n°' 4f —AR = 0.0397AR. For liquid Li, p •> 0.52 g/cm3, and the 

/•U X X.Oo „ 
range of 500-MeV deuterons is 89.5 g/cm = 171 cm. The cross section for 
subsequent (n*, kn*) reactions was assumed to be equivalent to 100 nib and that 
for (p*, kn*) reactions equivalent to 50 mb. 

As shown at the bottom of Table 2, the average energy of the neutrons 
from the primary target is calculated to be 105 MeV, and the anticipated 
production is 2.0 n*/d or 3.1 x 10 n*/s for 0.25 A of deuterons and 4.6 x 1 0 1 8 

n*/s for 0.375 A. These would be multiplied by cascades in the secondary target, 
and the resulting low-energy evaporation-fission neutrons of energy distribution 
shown in Fig. 1 would produce additional fission events. The combined low-energy 239 neutrons would then be captured to produce Pu in the secondary target. 

5. Performance of Secondary Target Systems 

INTRODUCTION 

The secondary target would surround the primary target vacuum tank and 
would consist of a cylindrical structure of depleted uranium, closed at the 
bottom with 100-cm-thick uranium. This thickness provides nearly 10 mean free 

238 paths for inelastic collisions by high-energy neutrons in V (a. s2 b 
according to Ref. 1). The cylindrical side wall would receive on the averags 
many fewer energetic neutrons; most would have paths directed steeply downwards 
so that reasonably complete cascades would be accommodated by 40-cm-thick 
uranium. Direct penetration of the incident high-energy neutrons without nuclear 
reaction would be negligible (VL0~ ). The secondary target thickness chosen 
is based upon the neutronics of the low-energy neutrons of energy <20 >ieV. 
The top of the secondary target would be closed (except for a central hole to 
accommodate the beam tube) with 30-cm-thick uranium. 
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The neutrons produced In the secondary target would be isotropic except 
for a small proportion of high-energy spallation neutrons. The high-energy 
tail in the distribution shown in Fig. 1 contains neutrons from incomplete 
showers; since they involve multiple collisions to be reduced in energy to the 
order of 10 MeV, they must also be assumed to be approximately isotropic. The 
source distribution of the lostropic neutrons, however, would be highly 
concentrated in the bottom section of the secondary target, decreasing In source 
strength by 1/e for each 10 cm depth of uranium. The expected performance of 
the secondary target is estimated in the next section by calculating the nuclear 
interaccions of this neutron spectrum of 0 to 20 MeV by a multi-group, Monte 
Carlo, neutron transport code. 

To estimate nuclear performance of the secondary target, the energy 
generation and fissile material production from secondary-source neutron (in 
the 0- to 20-MeV range) interactions in the secondary target are calculated 

13 
with the TART Monte Carlo Neutron Transport Code and its associated Nuclear 14 Data Library. The spectrum of secondary source neutrons is shown in Fig. 1. 
The average energy of these neutrons is 6.0 MeV. 

On the following pages, several secondary target systems will be evaluated: 
• Uranium 
• Thorium 
• Uranium-thoriim 

For each system, we shall consider target performance, system power balance, 
energy gain, and costs. 

URANIUM SECONDARY TARGET 

Nuclear Performance 

From a strictly nuclear performance point of view, a secondary target 
consisting of just uranium should give the best performance. Of course, a real 
target must also contain structural, cladding, and coolant materials. To 
develop some understanding of how target performance is affected by these 
engineering requirements, four target configurations have been analyzed. The 
configurations and performance of these four targets are listed In Table 3. 
Calculational geometry is a sphere with a point source of the low-energy 
neutrons at its center. 
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Table 3. Nuclear performance vs uranium secondary target configuration. 

Case Material volume fractions Radius 2 3 8U(ny)/n E/n Leakage 
No. 2 3 8 u Fe 7Li (cm) (MeV) (n/n) 

1 1.00 0 0 50 2.38 107 0.081 
2 0.75 0.05 0.20 67 2.11 91.3 0.024 
3 0.70 0.10 0.20 71 2.10 87.3 0.018 
4 0.60 0.20 0.20 83 1.91 76.3 0.0055 

Each case was run with 2000 source neutrons, resulting in a standard 
238 deviation of ^5% in the calculated values of U capture and energy generation. 

Since we have yet to develop a secondary target design, we shall be 
conservative and use Case 4 results reduced by 5% for leakage through the beam 
aperture and coolant ducts to estimate the system's performance. Therefore, 

Fissile production - 1.81 Pu/secondary source neutron. 
Energy production = 72.5 MeV/secondary source neutron. 

System Power Balance 

239 In addition to the Pu produced in the target, energy would be generated 
as well. This energy is important because some of it could be converted to 
electricity to help power the accelerator. The parameters needed to define the 
system power balance are: 

• accelerator power requirement, 
• energy amplification in the target, and 
• thermal conversion efficiency. 
The accelerator powers are given in Table 1 as 290 MW and 390 MW for 

the 0.25- and 0.375-A, 500-MeV deuteron accelerators respectively. 
Amplification (A) of the 500-KeV deuteron energy in the target is expressed 

by the following relationship: 

A = E/n x n/d + fiss/d x E/fiss + E/d 
deuteron energy ' 

where 
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E/n = energy generation in target per secondary source neutron, 
n/d = number of secondary source neutrons produced per deuteron. 
fiss/d = number of fissions per deuteron caused by high-energy neutrons 

(E > 20 MeV). 
E/d = energy deposition per deuteron from high-energy neutrons 

(E > 20 MeV). 
For the lithium primary, depleted-uranium secondary considered here: 

E/n = 72.5 MeV 
n/d = 24 
flss/d = 2 
E/d =200 MeV 

Therefore, 
A 2 3 2 ° / ,;/ 
A = "500 = 4 - 6 4 ' 

The thermal conversion system consists of primary and secondary liquid-
metal loops and a conventional steam cycle with an anticipated efficiency of 
0.38. 

The power balances of both the 0.25-A and the 0.375-A cases are tabulated 
in Table 4. 

Energy Gain 

Since an outside source of power is required to produce the fissile 
material, the question arises as to the ratio of the energy generated from the 
fissile material to the energy required to produce the fissile material. The 
energy-generatiou capability of fissile material is dependent on the material, 
on the type of fission reactor using the material, and on the fuel cycle being 
used. As an example, consider a light-water reactor (LWR) fueled with natural 

Table 4. System power balance with a uranium secondary target. 

Item 

Beam power (MW) 
Target thermal power (MW,̂ ) 
Electric power generation (MW ) 
Accelerator power requirement (MW ) 
Make-up power requirement (MW ) 

0.25-A beam 0.375-A beam 

125 188 
580 872 
220 331 
290 390 
70 59 
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uranium enriched with recycled plutonium plus make-up Plutonium. The quantity 
of make-up plutonium from an external source needed to generate 1 MUyr of 
electrical energy under these conditions is M1.44 kg. The same fission reactor 
parameters were used to analyze the economic performance of the LI.L conceptual 
fissile breeding mirror fusion-fission reactor. 

The rate of plutonium production in the 0.25-A accelerator system is 
847 kg/yr; therefore, its energy gain is 

847(kg/yr)/0.44(kg/MW yr) 
Energy gain (0.25 A) • 76~MVT " 2 7 * 5 , 

e 

At this energy gain, only 3.6% of the power generated from the accelerator-
generated plutonium must be diverted for its production. For the 0.375-A case, 
the energy gain is 48.9; therefore, its power requirement is 2.042 of the energy 
generated from its plutonium product. 

Cost Estimate 

To gain some understanding of the potential economics of producing fissile 
fuel by the proposed method, we have prepared the preliminary cost estimate 
presented in Table 5. Table 5 has four parts: 

• Capital cost of construction, 
• Yearly operating cost, 
• Plutonium production cost, and 
• Cost of power from an LWR fueled by this method. 
Each cost category will now be discussed briefly. 

Capital Cost of Construction 
Under Capital cost, we treat the two major systems: the accelerator and 

the target system. 

Target System Cost ~ For costing purposes, the target system is broken 
down into five components. As shown in Fig. 11, the target pit would be a 
cylindrical cavity 9.5 m in diameter and 14.5 m high surrounded by 2 m of concrete. 

3 
At $1000/m (reinforced, lined, and in place), the concrete would cost $1.15 
million, to which would be added $0.85 million for incidentals. Target hardware 
would consist of target structure and refueling equipment. Thi>. $10 million 
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allotted for target hardware is only 
a guess because there has been no 
target design work. 

The heat transfer systen would 
consist of the pipings, pumps, and 
heal exchangers for two llquld-nelal 
loops In ser ies , sized to handle the 
the rail power from the secondary 
l.irgot. The thermal conversion sys-
Ura would coaslst of a stearj turbine-
generator .i.id al l i t s associated 
equipment downstrean of the steam 
generator (including the turbine 
building). 

Tiie total costs, Including 
indirect costs , of the heat-transport 
and thermal-conversion svstetss are 
based or; costs supplied to us by 
Uechtel Corp.* Because they are 
based on industrial experience, these 
costs are the nost accurate of those 
making up the target system; this i s 
fortunate because they account for 
i)0;. of the total target-system cost. 

The containment structure for the target system is assumed to be a 30-ra 
by 30-M cylindrical structure with 2-m-thick walls and ends of l ined, reinforced 
concrete. At $1000/m in place, the concrete cost would be $7.47 million; to 
this $2.53 million i s added for incidentals. 

' — 3 IT *- •• 

J. ^A_ 
9.5 m 

tig. 11. Vertical section of produc
tion target in pit. 

Other - Miscellaneous component costs not specifically itemized such as 
site, utilities, electrical equipment, radiation waste equipment, etc. are 
lumped together and called Other. The dollar figure associated with Other is 
oiuv a guess. 

Total Capital Costs - To the total direct cost is added an indirect cost 
calculated at 752 of the direct cost. This value is consistant with the 
economic analysis of the mirror hybrid. 
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Yearly Operating Cost 
Under Yearly operating costs in Table 5, Target maintenance refers to 

replacement of target components in additic to fuel assemblies. This is a 
very speculative cost. Our aim is to have a target in which only fuel assemblies 

Table 5. System economics with a uranium secondary target (1976$). 

Item 0.25-A beam 0.375-A beaji 

Capital cost 
Accelerator (500 MeV) 

Injector and low-energy transport $ U million $ 5 million 
Linac 130 172 
High-energy beam transport 1 1 
Controls and instrumentation 3 3 
Housing 12 12 
Utilities 18 23 

Total accelerator: 168 216 
Target system 

Target pit 2 2 
Target hardware (excluding fuel 
assemblies) 10 10 

Heat transport system (2 loops) 75.4 103 
Thermal conversion system 25.A 35.1 
Containment structure 10 10 

Total target system: 123 160 
Other IS 20 

Total direct costs: 306 396 
Indirect costs (0.75 of direct): 229 297. 
Total capital costs: $535 million $693 million 

a"Other" includes items not specifically itemized such as site, utilities, 
electrical equipment, radiation waste equipment, etc. 
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Table 5. continued. 

Item C.25-A beam 0.375-/1 bean. 

Yearly operating costs (at 0.75 duty factor) 

Capital charge at 82/year 
Power at 20 mills/kWh e 
Amplifier tubes 
Target maintenance 
Operation and other maintenance 

Total yearly operating costs 
(excluding fuel cycle costs): 

$42.8 million $55.4 million 
9.2 7.7 
3.0 4.0 
2.0 3.0 
5.0 5.0 

$62.0 million $75.1 million 

239. Pu production costs (at 0.75 duty factor) 

Annual production 635 kg 953 kg 

Capital charge 
Power 
Operation and maintenance 
Fuel cycle 

239 Total Pu production cost: 

Light-water reactor economics 

Capital charge (at 750 $/kW capital cost) 
Fuel cycle without fissile makeup 
Operation and maintenance 

Total without fissile makeup: 
Fissile makeup from accelerator breeder 

Total power cost: 

67.4 $/g 58.1 
14.5 8.1 
15.7 12.6 
JL3.0 13.0 

111 ?/g 91.8 $/g 

16.1 mills/kWh 
3.9 
0.7 

20.7 
_8_.l _6_._7 
28.8 27.4 

mills/kWh mills/kWh 
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and a liquid coolant are exposed to materials-damaging levels of neutron flux. 
If this objective is not achieved, target internals muse be replaced. l"or 
costing purposes, the latter is assumed. 

239, Pu Production Cost 
The estimated cost of producing Pu given in Table 5 includes the yearly 

operating cost plus fuel-cycle costs, whi".h consist of fertile feed (at 535/k(j), 
fuel fabrication (at $70/kg), fuel processing (at $160/kg), and shipping (at 
$37/kg). We are assuming that the fuel would contain 2 wc.'i of plutonium when 
it is removed from the target. 

Light-Water Reactor Economics 
The last part of Table S gives the cost of power from an LVR fueled with 

Plutonium produced by the accelerator. About one fourth of the power cost is 
due to make-up plutonium produced by the accelerator. 

One of the aims of this study is to compare estimated fissile production 
costs of this accelerator method to the mirror fusion, fast-fission, hybrid 
reactor method. To this end, the basic economic ground rules being used to 
cost the fusion-fission hybrid are also being applied in a simplified form 
to the accelerator. Specifically, the indirect capital cost factor (0.75), 
the yearly cost of capital (0.08), and the fuel cycle charges are the same; 
however, cash-flow analysis is not used. The accelerator-produced plutonium 
is estimated to be 1.76 times more expensive ($92/g) than the $55/g plutonium 
produced by the hybrid. The result is that power generated from accelerator-
produced plutonium is estimated to cost 11% more than power from plutonium 
produced in the mirror fusion-fission hybrid (27.4 vs 25 mills/kWh). However, 

there is no question of scientific 

4 8 12 
Thickness of secondary 

target — in. 

feasibility of the accelerator pro
duction method, whereas scientific 
feasibility of the fusion-fission 
hybrid is still to be proven. 

Fig. 12. Neutron yield vs thickness 
of secondary uranium and thorium 
secondary targets with lithium or 
beryllium primary target bombarded 
by 190-MeV deuterons. 
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Although the cost of accelerator-produced plutonium is high (i$1007g), 
it is interesting to note that its cost accounts for only one fourth the total 
cost of power (7 out of 27 mills/kWh) when it is used as fissile make-up for 
the I.WR fuel cycle. 

THORIUM SECONDARY TARGET 

Nuclear Performance 

The performance of a U-producing thorium secondary target is not on 
239 as firm n basis as that for Pu-produclng uranium. The difference in behavior 

of thorium as compared with uranium observed in the MTA experiments of 1952 and 
1953 is illustrated in Fig. 12 (taken from Figs. 2 and 4 of Ref. 17), in which 
tin- neutron emission by a lithium or beryllium primary target bac».ed by a 
thorium secondary target is contrasted with that of a target backed by a uranium 
secondary target. This difference in the observed multiplication of high-energy 
neutrons by the secondary targets of thorium and uranium is presumably due to 
three factors: 

• A smaller probability of fission of highly excited thorium nuclei 
during rht sequence of neutron evaporation. 

• A smaller cross section for fission of thorium by low-energy (0- to 
20-KeV) neutrons. 

• A larger cross section for neutron capture in thorium. 
The first factor is inferred from the belief that the nuclear excitation 

process by high-energy neutror •. is essentially the same for thorium and uranium. 
However, the observed neutron yield of thorium either as a primary or a secondary 
target is smaller than that for uranium. The remaining factors are well known. 
As a consequence of the first factor, we assume that the probability of fission 
of highly excited thorium during neutron evaporation is about half that for 
uranium. Thus, we subtract neutrons at the lower-energy end of the spectrum 
for uranium (as illustrated in Fig. 1) to obtain the corresponding low-energy 
(0- to 20-MeV) spectrum for the neutrons produced by the high-energy reactions 
in thorium. This assumption reduces the anticipated neutron yield at 500 MeV 
from 24 neutrons/deuteron for uranium to 20 neutrons/deuteron for thorium. 
As in the uranium case, these are the "source" neutrons that are multiplied by 

233 fast fissions and other events in thorium and captured to form U. 
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The nuclear performance of a thorium target was calculated using the same 
multigroup code and procedures as were used for the uranium target. Calculational 
configurations and performances of two thorium target case are given in Tabic 6. 

For our purposes here, we assume that Case 6 results reduced by 5X are 
representative of the potential performance of a thorium target; i.e., 

233 
U proJuction » 1.15 atoms/n, 

Energy production • 22.0 NeV/n. 

Systea Power Balance 

The power balance of the thorium system as shown in Table 7 was ilso 
estimated in the same uanner as that for the uranium target case. 

Energy aaplification (A) in the thorium target is 

A . E/n x n/d + fiss/d * E/fiss + E/d 
deuteron energy 

22.0 x 20t 190 * 10 + 200 
500 

- 1.66. 

Table 6. Nuclear performance vs thorium secondary target configuration. 

Case 
No. 

Material 
2 3 2 T h 

volume 
Fe 

fractions Radius 
7Li (en) 

2 3 2Th(nY)/n E/n 
(MeV) 

Leakage 
(n/n) 

5 
6 

1.00 
0.70 

0 
0.10 

0 50 
0.20 71 

1.28 
1.21 

26.0 
23.2 

0.16 
0.061 

Table 7. System power balance with a thorium secondary target. 

Item 0.25-A beam 0. 375-A beam 

Beam power (MW) 125 188 

Target thermal power (MW) 208 312 

Electrical power generation (MW) 79 119 

Accelerator power requirement (MW ) 290 390 

Make-up power requirement (MW) 211 271 
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Energy Gain 

233 
The rates of V generecion in the 0.25- and 0.375-A cases are 436 and 233 655 kg/yr, respectively. If this U is used to fuel a high-temperature gas 

233 reactor (HTGR) with a make-up requirement of 0.231 kg U/MWyr , the energy 
gains are 8.95 and 10.5 for the 0.25- and 0.375-A cases, respectively. 

Cost Estimate 

Except for the heat transport and thermi1 conversion systems, the capital 
cost of construction of a thorium secondary target system are as given in 
Table 5 for a uranium system. The two exceptions scale with thermal power to 
the 0.8 power. Total capital costs for the 0.25- and 0.375-A cases are $435 
million and $558 million, respectively. 

233 Estimates of the yearly operating costs, U production costs ($/g), and 
resulting power costs are listed in Table 8. 

As was true for the Fu-producing uranium target, an economic appraisal 
of the thorium target uses the same basic ground ruj.es employed in assessing 

233 15 233 
the U-producing mirror hybrid. The cost of producing U using a thorium 
target is estimated to be $209/g, 65% higher than using the mirror hybrid (?127/g). 

URANIUM-THORIUM SECONDARY TARGET 

Nuclear Performance 

233 An obvious way to improve the performance of a U-producing target is 
to use uranium in the inner region as a neutron and energy multiplier. To 
investigate this possibility, four additional target neutronics calculations 
were run (Cases 7-10) with two material regions. The inner and outer regions 
contained (by volume) 60% 2 3 8 U + 20% Fe + 20% 7Li and 70% Th + 10% Fe + 20% 7Li, 
respectively. The relative thicknesses of the two regions were varied in Cases 
7-10. Table 9 shows the effects of such a variation. For comparison, the table 
also includes Case 6 (thorium region only) and Case 4 (uranium region only). 

Although it is not necessarily optimum, we shall pick Case 9 as an example 
and estimate its economic performance. As with the uranium and thorium 
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Table S. System economics with a thorium secondary target (1976$). 

Item 0.25-A beam 0.375-A beam 

Total capital cost 
Yearly operating costs (at 0.75 duty factor) 

Capital charge at 82/year 
Power at 20 mills/kWh e 
Amplifier tubes 
Target maintenance 
Operation and other maintenance 

$435 million $558 million 

$34.8 million 
27.7 
3.0 
2.0 
5.0 

$ 44.6 million 
3J.5 

4.0 
3.0 
5.0 

Total yearly operating costs $ 72.5 million $ 92.1 million 
(excluding fuel cycle costs): 

233, U Production costs (at 0.75 duty factor) 
Annual production 328 kg 491 kg 

Capital charge 
Power 
Operation and maintenance 
Fuel cycle 

233 Total U production cost: 
High-temperature gas reactor 

Capital charge (at 750 $/kWfi capital cost) 
Fuel cycle without fissile make-up 
Operation and maintenance 

Total without fissile make-up 
Fissile fuel from accelerator breeder 

Total power cost: 

106 $/g 
84.5 
30.5 
21 
242 $/g 

90.8 $/g 
72.3 
24.4 
21 

10.1 
30.1 

nulls/kWh 

209 $/g 

16.1 mills/kWh e 
3.2 
0.7 
20.0 

8.7 
28.7 

mills/kWh 

targets, the effective nuclear performance is assumed to be 95% of that 
calculated; therefore, 

E/n =61.1 MeV, 
2 3 9Pu/n = 0.383 
2 3 3U/n =1.31. 
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Table 9. Nuclear performance vs uranium-thorium secondary target 
configurations. 

Case Region t h i c k n e s s (cm) E/n Pu/n 233, , , U/n 
No. 2 3 8 U 2 3 2 T h (MeV) (atoms) (atoms) 

6 0 71 23.2 0 1.21 

7 5 75 40 .2 0.031 1.45 

8 10 70 53 .1 0.157 1.45 

9 15 65 64.3 0.403 1.38 

10 30 50 68.8 0.657 1.11 

4 83 0 76.3 1.91 0 

System Power Balance 

The power balance of the uranium-thorium system is shown in Table 10. 
Both the secondary neutron production (n/d) and the fissions per deuteron 
(fiss/d) ar.: different i'i uranium and thorium secondary targets. This fact 
is account-id for by weighting these quantities by the attenuction of the primary 
neutrons. The average attenuation cross section of uranium is taken to be 2 b. 

Th; energy amplification (A) in the uranium-thorium target is 

= E/n x n/d + E/fiss x fiss/d + E/d 
deuteron energy ' 

where 
n/d = n/ddJXl-e"2*'') + n/d(Th)(e" I a , t), 

fiss/d = fiss/d(U)(l-e"ra*t) + f iss/dCrhXe"^ 3' t). 

Therefore, 

For the Case 9 target: 

E/n = 61.1 MeV, n/d(U) = 24, Za = 0.0576 cm"1, 

t = 15 cm, n/d(Th) = 20, E/fiss = 190 MeV, fiss/d(U) = 2 

fiss/d(Th) = 1 , E/d = 200 MeV, deuteron energy = 500 MeV. 

, _ 61.1 x 22.3 + 190 x 1.58 + 200 
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0.25-A oeam 0, ,375-A beam 
125 188 
466 701 
177 266 
290 390 
113 124 

Table 10. System power balance with a uranium-thorium secondary target 
(case 9, Table 9). 
Item 

Beam power (MW) 
Target thermal power (MW) 
Electrical power generation (MW ) 
Accelerator power requirement (MW ) 
Make-up power requirement (MW ) 

Energy Gain 

239 233 The rates of Pu and U production for the 0.25-A case are 166 and 
239 557 kg/yr, respectively. If the Pu is consumed in an LWR requiring 

239 233 
0.440 kg of Pu/MWyr , and the U is consumed in an HTGR requiring 233 e 

0.231 kg of U/MWyr , the energy gain is 

166/0.440 + 577/0.231 ,, . Energy gain = • JJ^ = 25.4. 

239 The rates of production for the 0.375-A case are 249 kg of Pu/yr and 
836 kg of U/yr. The energy gain for the 0.375-A case is 33.7. 

Cost Estimate 

The economic performance of the uranium-thorium system is estimated as 
in the previous sections on the uranium and thorium target systems. Estimated 
total capital costs for the 0.25- and 0.375-A cases are S505 million and $654 
million, respectively. The estimated yearly operating costs, fissile material 
production costs, and resulting power costs are listed in Table 11. As 
anticipated, of the three secondary targets considered here, the uranium-thorium 
target results in the minimum power cost. 

SUMMARY OF SECONDARY TARGET SYSTEM PERFORMANCES 

System performances with the 0.375-A accelerator driving the three types 
of secondary targets are summarized and compared in Table 12. 
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Table 11. System economics with a uranium-thorium secondary target (1976 $). 

Item 0.25-A beam 0.375-A beam 

Total capital cost $505 million $654 million 

Yearly operating costs (at 0.75 duty factor) 
Capital charge at 8%/year 
Power at 20 mills/kWh 

e 
Amplifier tubes 
Target maintenance 
Operation and other maintenance 

Total yearly operating costs 
(excluding fuel cycle costs): 

$ 40.4 million $ 52.3 million 
14.8 16.2 
3.0 4.0 
2.0 3.0 
5.0 5.0 

$65.2 million $ 80.5 million 

Fissile material production costs (at 0.75 duty factor) 
Annual production 543 kg 815 kg 

Capital charge 74.4 $/g 64.2 $/g 
Power 27.2 19.9 
Operation and maintenance 18.4 14.7 
Fuel cycle 19.2 19.2 

Total fissile material 
production cost: 139 $/g 118 $/g 

Reactor economics 
Capital charge (at 750 $/kW capital cost) 
Fuel cycle without fissile make-up 
Operation and maintenance 

Total without fissile make-up 

Fissile fuel from accelerator breeder 
Total power cost: 

JSt) 16.1 mills/kWh( 

3.3 
0.7 

s-up: 20.1 

6.42 5.44 
26.5 25.5 

mills/kWh mills/kWh 

a23% 2 3 9 P u + 77% 2 3 3 U . 
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Table 12. Summary of system performances. 

Item Uranium 

Secondary target 

Thorium 
Uranium-
thorium 

Annual fissile production (kg) 
Fissile production cost ($/g) 
Energy gain 
Cost of electric power 
generation (mills/kWh) 

Percentage of electric power 
cost attributable to 
accelerator-breeder 

953 490 815 

91.8 209 118 

48.9 10.5 33.7 

27.4 

24.5 

28.7 

30.3 

25.5 

21.3 

The electronuclear conversion of fertile to fissile materials appears to 
be an economically interesting process of tapping the vast energy potential of 

238 232 the world's abundant U and Th resources as a long-term fuel source for 
presently commercialized fission reactors. Development of this process would 
place a limit to price increases for fissile fuel, making presently commer
cialized fission reactors an attractive long-term energy option. 

6. Suggested R&D Program on the 
Electronuclear Conversion of Fertile to Fissile Material 

Whether the choice of 500 MeV as the basis for our evaluation of the 
production of fissile material by high-energy deuterons is optimum may well be 
questioned. He chose this energy because there appears to be no question of 
feasibility in the acceleration of deuterons to 500 MeV by an Alvarez-type 

Table 13. Relative cost of neutrons in energy expended per neutron. 

Deuteron energy 
(MeV) 

Relative cost 
0.25-A beam 0.375-A beam 

400 
500 (base case) 

600 
700 

1.04 
1.C0 
0.92 
1.00 

1.06 
1.00 
0.91 
0.98 

-36-



accelerator. Because the shunt impedance at this energy corresponding to g 
=0.6 is beginning to become rather low, the rf exciting power per unit length 
at the high-energy end of the accelerator is approaching half the beam power 
for the 0.25-A accelerator and one-third the. beam power for the 0.375-A 
accelerator. However, because the number oi' neutrons per deuteron produced in 
the target is increasing significantly with increasing deuteron energy at 
500 MeV (see Fig. 3), the optimum energy may well be higher than that chosen 
despite the increasing exciting power. Assuming that the energy expended per 
target neutron produced is the proper criterion, the comparative results given 
in Table 13 are obtained. These resulfs imply that, for the Alvarez configura
tion and for both the 0.25-A and the 0.375-A accelerators: 

• The optimum energy may be more nearly 600 MeV than 500 MeV, and 
• There may be an improvement of perhaps 10X in cost of product 

compared with our base case. 
Further improvement may be achieved by converting to an alternative 

accelerator configuration at a suitable energy; however, in such configurations 
as the TT-mode cross-bar or side-coupled cavities, high-current operation is 
lacking in a regime in which the beam power far exceeds the exciting power. 
In principle, on the basis of shunt impedances, such a conversion at about 3 
= 0.5 (E, * 300 MeV) might extend the deuteron energy to 6 = 0.75 (E, * 1 GeV) 
with some reduction in the cost in energy expended per neutron produced in the 
target. However, the curve of beam energy expended per neutron for deuteron 
bombardment (Fig. A) suggests that energies in excess of 1 GeV would probably 
not be advantageous. High beam current (0.3 to 0.5 A) and high acceleration 
efficiency are essential, but deuteron energy in excess of 600 MeV would appear 
not to offer much advantage no matter what accelerator structure is used. 

239 233 If the electronuclear production of fissile material ( Pu and/or U) 
is to be pursued seriously, the activities discussed below would seem to be 
appropriate. 

239 
PU PRODUCTION IN DEPLETED URANIUM BY 460-MeV DEUTERONS FROM THE 

184-in. CYCLOTRON 

239 This study of Pu production in depleted uranium could be conducted as 
follows: 

• Assemble a mockup of the production secondary target of depleted 
uranium (̂ 90 tonnes) with provision for depleted-uranium foils distributed 
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239 throughout the assembly to measure Np and fission product activity. The 
assembly should be designed to allow easy insertion and removal of test foils 
without unstacking the uranium. Runs of about five or six 24-hour days would 
reach near-equilibrium levels of activities in the foils. Comparison of actual 
239 

Np yields with calculated yields would provide the assurance needed to predict 239 accurately the production of Pu from a full-scale installation. These 
experiments should compare production using a lithium primary target (as shown 
in Fig. 13) with that using a uranium primary target and compare results using 
alternative secondary-target configurations. 

• Consider similar runs using a thorium secondary target for production 
233 of U. Although this process would appear to be less productive and require 

239 longer bombardment times than the Fu experiments, a combination uranium-
thoriuro secondary target as discussed in Chapter 5 may be of sufficient interest 
to warrant experimental investigation. 

• The 740-MeV proton beam of the 184-in. cyclotron wo; U- 'ie ideal for 
checking the relative yield of protons versus deuterons. Primary targets of 
light metals such as lithium and beryllium would probably not produce interesting 
yields using protons. However, heavy targets such as lead, bismuth, thoriuir, 
and uranium would be more promising. 

NUCLEAR THEORY OF THE ELECTRONUCLEAR PROCESS 

A theoretical effort aimed at a good understanding of the primary and 
secondary target nuclear cascades, which produce the low-energy "source" 
neutrons in the secondary target, should be carried on concurrently with the 
experimental nuclear program. These source neutrons are then to be put into 
a multigroup code to determine the fission and capture events and the 

239 
distribution of Pu produced in the secondary target. When the predicted and 
measured total production and distribution are brought into reasonable agreement 
for the experimental assembly, production in the full-scale system can be 
predicted with confidence. Two nuclear theorists working on the cascade 
processes and one neutronlcs expert working on the fission and capture 
distributions together with computing support should achieve the needed 
understanding of the process. This effort should facilitate parametric studies 
leading to an optimum choice of deuteron energy and target configuration. 
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Fig. 13. Experimental target assembly 

40-cm i .d . x 150-cm-long, 
thin-wall aluminum tube 

ACCELERATOR DESIGN AND INJECTOR DEVELOPMENT 

Beam dynamics in Alvarez cavity-type accelerators is much better understood, 
and high-power electronics systems are much improved since termination of the 
MTA program. However, little effort has been expended on CW beam-current 
injection. Development of a system capable of injecting a 0.3- to 0.5-A 
steady-state beam of deuterons at 800 to 1,000 keV with measured emittance 
matching the requirements of the accelerator and with optimized rf bunching 
would provide a firm basis for beam dynamics calculations to optimize the design 
of a production accelerator. Accelerator studies should include an assessment 
of alternative structures such as the ir-mode cross-bar and side-coupled-cavities 
configurations for the high-energy end of a production Linac, as implied 

18 previously. Work now in progress at the AECL, Chalk River Nuclear Laboratories, 
19 20 

under the direction of Tunnicliffe and Fraser should yield significant 
information on this question and on other questions relative to electronuclear 
breeding of fissile material. 

The efficiency of the accelerator (beam power/60-Hz input power) depends 
critically upon the 60-Hz to rf conversion efficiency. Using the best amplifier 
tubes now commercially available for 50 MHz, the attainable conversion efficiency 
may not exceed 0.50. However, by developing a tube specifically for this 
application and optimizing the modulator-driver circuitry appropriate for the 
tube, an overall conversion efficiency of 0.65 to 0.70 can probably be achieved. 
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Because the total power required to drive a high-current, 500-MeV deuteron 
accelerator is in the range of hundreds of megawatts, such an rf tube development, 
though expensive, would be fully justified by the anticipated saving in power 
needed to drive the accelerator. 

TARGET AND PROCESS DESIGN STUDIES 

Based upon theoretical and experimental investigations of the yield of 
239 233 

Pu and U from high-energy particle bombardment, realistic production 
target design studies should be carried out. These studies should include 

• Parametric variations to optimize production cost, 
• Detailed design studies of remote handling of exposed fertile material, 
• Neutronics calculations of the distribution of fissile material 

produced in the target assembly, 
• Extraction of fissile from the exposed fertile material, and 
• Conversion of the thermal power and fissile material developed in the 

target assembly into electric power. 
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Addendum 
The nuclear chemistry measurements of fission and capture events in natural 

and depleted (0.4!S) uranium made during the MTA program (1949-1954) were not 
mentioned in the body of our report. This omission resulted from our inability 
to identify and locate the pertinent reports of the California Research and 
Development Company, the contractor-operator of the Livermore Research Laboratory, 
whose personnel were responsible for makirg the measurements. 

Since we completed our draft, however, a copy of the concluding report 
of the CR 6 D Nuclear Chemistry Group, LRL-106, has been found. This report 

97 describes measurements made of Zr activity for determining fission events and 
239 238 

Np activity for determining capture events in U. The number of neutrons 
emitted per incident deuteron simultaneously measured by the U. C. Lawrence 
Radiation Laboratory physics personnel was recorded in each cyclotron run, and 
the results for a uranium secondary target with a uranium and a beryllium 
primary target were reported as shown in Table A-l. 

The emitted neutrons from this relatively small secondary target would 
be .• lbject to further multiplication in an extended secondary target-particularly 
those of the Be + U target assembly as subsequent physics measurements indicated 
(see Fig. 2 and Ref. 17 of this report). The approximately equal neutron yields 
of U + II and Be + U target assemblies and the possible superiority of the latter 239 for Pu production are indicated by these results. No significant difference 
between natural and depleted uranium (>J£ noted, a result entirely consistent 

235 
with the expectation that U would play a minor role in these fast-neutron-
spectrum processes. 

Table A-l. Fission and capture events in 24-in. x 24-in. x 10-1/8-in. uranium 
secondary targets bombarded with 190-MeV deuterons. 

Target Fissions/ Captures/ Emitted Total 
Primary Secondary deuteron deuteron neutrons/deuteron neutrons/deuteron 

U U 1.3 1.1 3.2 4.3 
Be u 1.1 2.0 2.4 4.4 

H. G. Hicks, Fission and Capture Events in 24 inch x 24 inch x 10-1/8 inch 
Deep Uranium Secondary Targets Bombarded with 190 MeV Deuterons, California 
Research and Development Company, Rept. LRL-106 (1954). 
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