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LASL INTENSE 14-MEV NEUTRON SOURCE

by
Dale B. Henderson

ABSTRACT
At least two independent suggestions have been made to build a 14-MeV
neutron source at 1011* to 10 1 5 neutrons/cm2-sec for materials damage
studies related to fusion power reactors. Greater detail of the LASL
suggestion is presented here than in our earlier report. A feasibility
study is proposed in which such a 14 MeV source would be thoroughly investigated.

:.

INTRODUCTION
The need for neutron sources suitable to study
Lamage phenomena anticipated in fusion reactor
itructural materials has been, by now, well estabished. The latest estimate from the Scyllac group,
r
or instance, is that the wall of a prototype oulsed
i-T reactjr would sustain a flux of 14.06 MeV neuxons equal to 2.7 x 1011* neut/cm -sec (at one pulse
ier second).* Other estimates span the range from
0Jlt to 10 l s neut/cm -sec at 14 MeV. There are sevra.1. anticipated and perhaps also some unexpected
lamage mechanisms which will be important at such
luxes and energies. The microscopic damage effects
transmutations to other metals, transmutation to
ielium and hydrogen, production of lattice vacancies
nd interstitials, etc.) will interact with the host
iaterial, with each other, and with effects due to
he material temperature and stress fields in a very
omplicated way. The resulting effects of engineerng interest - swelling, reduced ductility, enhanced
xeep rates, modified strength, etc. - are expected

to be very important, but are impossible to predict
from knowledge of the microscopic effects. It is
for this r«ason that a neutron source is needed
which can provide the correct flux and energy spectrum to samples which may be maintained at the appropriate temperature under the appropriate stress
loading.
Such a source is quite obviously a variant of
the Cockcroft-Walton D-T source, in continuous operation at a thousand times the present day maximum
intensity, with enough room available close-in to
locate the experimental samples. Such a source was
proposed for fusion reactor application by Colombant
and Lidsky2 and then again in the present context at
LASL by Dreicer and Henderson.3
The present report summarizes the ideas which
underlay our earlier report with some improvements
in the calculations. It also locates certain LASL
expertise and facilities which could be brought to
bear on a program to actually build such a source.
These include extensive special experience with

neutrons, hot high pressure hydrogen, fluid mechanics computation, accelerators, tritium, radiochemistry, and metallurgy. Finally, it suggests a short
program which would establish the feasibility of the
project, establish a reasonably firm design from
among the possible variations, establish a good cost
estimate including the location of suitable equipmei t available as government surplus, and work out
a .subsequent program which could be followed to the
completion of the then proposed facility.
II. CONCEPT
The generation of 14 MeV neutrons from the DT
reactions using a Cockcroft-Walton machine is a
standard technique. In general a beam of deuterons
is stopped in tritium-in-metal target such as developed at Los Alamos.* The specific yield from such
targets is about 3 x 10 8 neutrons/joule and their
intensity is limited by target heating. If one assumes that he might cool the target sufficiently
well to retain the tritium loading at 3 kW/cm (1.1
kW/cm has been achieved),5 the maximum source intensity is (3 x 10 8 ) x (3 x 1 0 3 ) « 1 0 1 2 neut/cm2-sec.
The present idea is to use a windowless gas target
in order to gain a factor of 10 in specific yield
(neutrons/joule) and a factor of 100 in allowable
beam power density. This is an old idea, mentioned
as hiving been attempted without success in reference 5. Recently, however, a windowless gas target
has been made to work at Los Alamos,$ for a different application.
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The yield Y and range R for the case of a thick
target (E
= 0) are displayed in Figs. 4 and 5.
[Note that we may equate the ion range and the target thickness or projected range since the difference is only (m /3.5 m.) = 0.005%.] 7
As has already been alluded to, the experimental difficulties are most stro igly dependent upon
the beam and target power. Therefore the specific
yield, Y /E. , which is plo*ted in Fig. 6 is of
special interest. Notice that there is no efficiency advantage to accelerating either species ovar the
other: a maximum of 3 x 10 9 neutrons/joule is available either way. One chooses therefore to accelerate
the tritium in order to minimize the tritium inventory and the associated costs and hazards. One further notes that the maximum is very broad; the range
E i n = 250 keV to 370 keV has a specific yield within

When a current T_ of ions of one of the heavy
hydrogen isotopes traverse • gas at density n of
the other, most are simply slowed down, losing energy E as dC = -n e(E) dX, where e is the stopping
power of the gas for the ion in units of (say) keVbarn;;. A small fraction will, however, produce neutrons N as
dN = I n n a(E) dX
= - I B [a(E)/e(E)] dE,
jjhere a is the cross section in barns. Standard
data 7 ' 8 for e and a are displayed for both the D +
beam case: T(d,n)a and the T beam case: D(t,n)a
in Figs. 1 and 2. The differential yield, a/e in
neutrons/joule, displayed in Fig. 3, is integrated
to find the yield
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Fig. 2. Neutron production cross section.

Fig. 4. Thick target yield.

xlO1

KX)
200
300
ION ENERGY, E, ktV

400

400

i

i

r

i

I

KX)
200
300
BEAM ENERGY, E |fl , k«V

i

400

Fig. 3. Differential yield.

Fig. S. Ion range for D in T and for T + in D .

2% of the optimum at 305 keV. LASL has obtained a
0 to 270 keV - 2 amp d.c. power supply, valued at
$1.8 M, from DoD surplus for this project. For this
reason we shall adopt E^ = 270 keV in the following.
Because tritium is so hazardous, 10 H curies/
gram, and expensive,9 $.75/curie = $7,500/gram, and
because the beam passes quite a lot of it (10 asphours « 1 gram), it i.<= appealing to use an "almost

thick" gas target from which triton beam is excited
with sufficient energy for separation but not for
further neutron production.
Some of the characteristics of an "almost
thick" target for E. n = 270 keV are plotted in Fig.
7. Here one may distinguish between specific
yields per beam joule and per deposited-in-the-gas
joule since the two are no longer equal: a
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Fig. 6. Specific yield for thick target.

Fig. 8. Sketch of reaction volume.

xl0l!

xlO9
I •

BEAM EXIT ENERGY, E Q U T , keV
Fig. 7. Specific yield for almost thick target.
significant fraction of the beam energy passes
through and the range (more properly thickness) is
reduced. For instance E
= 5 0 keV would provide
an energetic triton beam for separation but would
reduce the yield by only 0.7%. The range would be
reduced 30% and the specific yield per depositedin-the-gas joule increased 21%.

If it should turn out that the gas target
thickness and power capability are much more difficult and expensive than beam intensity and power,
then it might be advantageous to use a significantly
thinner target. That is, to go some way toward optimizing the yield per target joule at the expense
of the yield per beam joule. For the present, however, we shall continue with the "almost thick"
target.
III. GAS TARGET
The mode? thus far consists of a triton beam
at 270 keV incident upon a deuterium target of
thickness R = 3.63 x 10 1 9 atoms/cm2 = 1.82 x 10 I 9
molecuies/cm . The beam exits at 50 keV yielding
1.26 x 10"1* neutrons/triton or 2.93 x 10 9 neutrons/
beam-joule or 3.59 x 10 9 neutrons/gas-joule.
The target is sketched in Fig. 8 as two crossed beams: a T current I and a D_ current F. The
reaction volume is sketched as a solid rectangle
w x !• x h, not to indicate that such a geometry
would be used, but because the computation is simplified. The neutron production will be

N = 1.26 x 10'" I B
= 0.787 x 1 0 l s I, neutrons/sec
for I in amps.

The flux at the top and bottom (Fig. 8) surfaces w x I will be approximately
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The auxiliary functions <|> and <|> are plotted in Fig.
where all dimensions are assumed to be in centimeters.
R

The required gas target has a thickness of
= w x n

=

1.82 x 10 19 molecules/cm2

9 for reference.
The upstream flow (condition 1) is, of course,
derived through expansion from a plenum (with conditions denoted by subscript o) through the nozzle

and contains 1.82 x 10 19 x I x h molecules.
The problem of heat addition to flow in con-

sketched in Fig, 8. Again quoting standard results
in terms of M,, we have

stant area duct is simply solved, but the derivation is too lengthy to reproduce here.10

The den-

sity n, speed v, pressure p, and temperature T on
the upstream (denoted 1) and downstream (denoted 2)
sides of the heating zone are, however, simply related in terms of the Mach numbers M

and M :
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These relationships are all graphed and tabulated in
many standard texts. Rather than attempt a general
solution here in terms of the many parameters in-

T2

_

2

v22

Mj

volved, consider a specific example.

where y is the ratio of specific heats and equals
1.4 here. Notice that if the flow remains fairly
supersonic (M » 1), then the density and flow
speed are only slightly affected by the heat addition while the pressure and temperature are increased approximately as (M./M,)2.
The Mach number is reduced in proportion to the
relative enthalpy added to the flow, a quantity
(270-cp) x 103 I Y-1 1
n v w h
T kT
=

2.5 x 10°
h V

In order to find M

lTl

from NL and q/C T

one solves

10

the implicit relation
=

•(H1) +

x (q/C

where
Fig. 9. Auxiliary functions used in text.

Assume

w = h =

plenum where it is reheated to T before expansion

Jl=lcm

into the reaction volume. Some regeneration of heat

1 = 1 amp
M

= 3.5

between the quench tank and plenum is possible, but

T

= 2000 K.

not a great deal unless the quench tank is to oper-

o

In this case the required plenum conditions are
2

3

n Q = 4.0 x 10 ° cm" , T Q = 2000 K, and p Q = 1610
psi.

The up'tream test conditions are M := 3.S, r\. =

1.82 x 10 19 cm"3, T, = 580 K, p1 = 21.1 psi, V =
5

21<

4.52 x 10 cm/sec and F = 8.23 x 10

molecules/sec.

After the heat addition at 220 kW, the downstream
test conditions are M. = 2.04, n

= 2.02 x 10

19

ate very hot. The deuterium circuit is summarized
in Fig. 10. Again, the details of this calculation
are not meant to indicate any kind of optimum or
final design, but only to show that a practical design is possible.
The point of using a supersonic target is,
after all, to minimize the gas lost out the beam

cm""5, T. = 1400 K, p 2 = 56.8 psi, and v 2 = 4.08 x

holes. This loss may be separated into two parts:

105 cm/sec.

the boundary layer which is all lost, and the poten-

It is important to note that flow of 8.23 x
21

10 * = 13 moles/sec from a plenum at 1610 psi to a
static temperature of 1400 K are within the experience of the LASL Rover Program. Design of the flow
system would borrow from that experience. Also certain test facilities, adequate to these conditions,
could be usud for gas target testing.
With the val'ies chosen, the neutron production
would be 7.9 x 101* neutrons/sec with the flux at
the top and bottom being f = 2.5 x 10ll> neutrons/
cm sec. While this is within our design goal of
101* to 10 1 5 , better figures may be possible through
the choice of a bigger current, smaller dimensions,
or both. The iteration of this calculation, subject

tial flow which turns outward.

In order to minimize

the boundary layer, which grows from near zero at
the throat, the expansion nozzle will be made shorter than standard in wind-tunnel design. This would
make a somewhat two dimensional flow at the test
volume which is bad for aerodynamics but not very
important here. According to wind-tunnel designers,12 the boundary layer loss will be less than the
potential flow loss, which is easier to calculate.
We have estimated this loss from a Prandtl-Meyer
turning calculation and conclude that it would be
practical to deflect the downstraam walls to catch
all but about 2% of the deuterium flow. This missing fraction of the flow can be pumped out to regain the necessary base pressure of about one

to the requirement of reasonable plenum and flow
conditions, needs to be undertaken in a systematic
way.
Continuing with the closed deuterium flow circuit, the supersonic flux must be brought to rest
as adiabatically as possible, cooled, compressed,
and reheated to the plenum stagnation conditions.
Such calculations are standard in the design of
closed circuit hypersonic wind tunnels. The recov-

TO COOLING TOWER

RESERVOIR
T-400K
p>!6IOpsi

PLENUM
T-20OOK
p • 1610 p*i

.
p-33Op»

ery of supersonic flow usually uses a second throat
in order to partially choke the recompression shock
to a lower Mach number,11 but in this numerical example the flow is already thermally choked to M =
2.04 and the pump power saved does not appear to be
worth the complexity.

Accepting a normal shock at

M = 2.U4, the stagnation pressure is further reduced

DEUTERIUM GAS RETURN, 4 2 0 POUNDS/HOUR

to 330 psi. The supersonic deuterium is then brought
to rest and cooled, probably in a large quench tank
so that the heat exchange surfaces do not have to
work at the 2550 K stagnation temperature. After
cooling, the gas is recompressed and returned to ti»e

Fig. 10. Schematic of gas circuit.

microtorr in the accelerator column.

Using pub-

ORNL DCX program.

This development continues as

lished specifications on commercial blowers this

part of the ORNL ORMAK program and the LLL magnetic

can be accomplished with about five stages of dif-

mirror program.

ferential pumping.

Again the calculation was not

From the many published results of these and

carried through to any optimum, but only to show

other groups, 13 it is clear that the fusion device

that a reasonable solution is possible.

heating objectives they pursue are more ambitious

The experimental samples which are to be sub-

than that required here in both current and power.

jected to the neutron flux would be located at the

Also, we need H

beams while these groups seek H. ,

top and bottom of the reaction volume sketched in

H, , or even H,

which are successively more diffi-

cult to obtain.

Four ampere beams made up of 50%

Fig. 8.

They could, in fact, be_ the top and bottom

members of the wind tunnel if desired.

The pressure

H + (and 50% H

+

) have been reported1 "* at 25 to 40

outside the tunnel could be adjusted to the inside

keV with 50% gas efficiency from a 5 kW arc.

static pressure so that these would not have to be

well such a beam can be focused through a small aper-

sealed against a load; that is, the material could

ture at one point is less clear because this is not

be selected and the mechanical stress could be

the same as the long path divergence requirement of

selected and the mechanical stress could be applied

the fusion devices.

as required for the effects experiment.

however, quite encouraging.

By circu-

lating cool deuterium against the outside of these

How

The overall beam picture is,

The accelerator column is marked "commercial"

surfaces the temperature could be maintained any-

in the figure to indicate that such designs are

where up to the gas stagnation temperature of

quite standard.

2000 K, the commonly discussed 1000 C being fairly

the design of the Los Alamos Meson Physics Facility

easy to maintain.

The computer codes developed for

(LAMPF) injector could be used to design the column,

Otherwise the samples could be mounted in apparatus located in the half-spaces above and below
the top and bottom of the reaction volume.

This

which could be engineered and built by a commercial
vendor of such equipment.
The deuterium flow circuit has been discussed

apparatus would need to control the mechanical

in the preceding section.

stress, any mechanical stress cycling, the tempera-

not mean that such a dense high-power gas target

The word "standard" does

ture, any temperature cycling, and the chemical
atmosphere as desired.

It would also have to con-

tain any neutron reflectors, multipliers, or moderators as desired for the experiment.

Doing all of

this while keeping the sample close to the reaction
volume will not be easy, but the approximate halfinfinity available should make it possible.
IV.

COMMERCIAL ACCELERATOR
300 keV

SYSTEM
There are clearly a large number of parameters

in the present model which interact with one another
in complicated ways.

Only one path through the

field of parameters is traced out in this report;
only a few have been done.

OAK RIDGE ION SOURCE
I AMP

DIFFERENTIAL PUMPING
STANDARD WIND
TUNNEL MACH 5
DIFFERENTIAL PUMPING

A complete system using

details from another path is shown in Fig. 11.

A

TRITIUM RECOVERY
D-T REACTION
VOLUME

good deal of work will be required to establish an
optimum set of parameters in terms of output flux,
feasibility, safety, and cost.
The ion source is marked "Oak Ridge" in the
figure because high current ion beams, such as needed here, were first developed in support of the

Fig. 11.

Schematic of Pump System.

exists, but rather that hypersonic wind tunnels and
high power hydrogen flow systems exist.

The special

techniques available from these fields appear to be
adequate to the job.

who know how to use them.

The study would also

seek cooperation from the existing high intensity
beam groups at ORNL, LBL, and LLL and would draw on
LASL's own ion source experience, especially in pro-

Tritium recovery and tritium recovery from ac-

ducing triton beams.

celerators is a LASL specialty, 15 one which is essential to the project.

If we assume 50% gas efficien-

cy and that the triton beam trap, the ion source
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