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ABSTRACT

Isotopic hydrogen enrichment in a Soluble metal is achieved
through temperature gradient effects by applying a heat
Source and a heat Sink to two spaced regions of the metal
within which isotopic hydrogen atoms are absorbed and
enclosed by a diffusion-barrier material. The temperature
gradient So created forces the atoms of hydrogen in the hot
region to migrate into the cold region, resulting in higher
isotopic hydrogen density in the cold region. Discharge of
the absorbed isotopic hydrogen is prevented effectively by
the diffusion-barrier material.

3 Claims, 4 Drawing Sheets

5,942,206
Page 2
OTHER PUBLICATIONS

Physical Review Letters, vol. 62, No. 25, Jun. 19, 1989, pp.
2929–2932, Ziegler et al.
Z. Phys. B-Condensed Matter, vol. 76, No. 2, pp. 141-142,

(1989), Schrieder et al.

Physical Review Letters, vol. 63, No. 18, Oct. 30, 1989, pp.
1926–1929, Price et al.

Physics Letters B, vol. 228, No. 1, Sep. 7, 1989, pp.
163–166, Cribier et al.

Solid State Communications, vol. 72, No. 1, (1989) pp.
53–57, Shani et al.

The Washington Post, Mar. 29, 1990, p. A3.
Nature, vol. 344, Mar. 29, 1990, pp. 401-405, Salamon et al.
Myers et al., J. Fusion Energy, Sep. 1990, pp. 263-268.
Besenbacher et al., J. Fusion Energy, Sep. 1990, pp.
315-317.

Bressani et al., “II Annual Conf. on Cold Fusion,” Jun.

29-Jul. 4, 1991, 21 Century, pp. 15–39.

U.S. Patent

Aug. 24, 1999
HOT
REGION

Sheet 1 of 4

5,942,206

COLD
REGON

10

16

SNSSN

14

PALLADIUM

DFFUSION
BARRER

O

AX

U.S. Patent

Aug. 24, 1999

Sheet 2 of 4

5,942,206

FIG. 3

1

N(t)
No

0.5

O
OOOO1

0.001

0.01

C

FIG. 4

0.1

1

U.S. Patent

Aug. 24, 1999

Sheet 3 of 4

e = 0.3, 8/L = 0.4

5,942,206

----------

n(x,t)
nO

rfa

FIG. 5
4

/

/

---------

-1

4-1- aws

mas a

7
N EFFECTIVE DENSITY
2
r

/ REAL DENSITY

nO

0.01

FIG. 6

U.S. Patent

Aug. 24, 1999

Sheet 4 of 4

5,942,206

22

10'
S

2

28

SN -

\\ W
(W

14

18

FIG. 8

5,942,206
1

2
FIG. 1 is a schematic side section view of a palladium rod
type arrangement in accordance with one embodiment of the

CONCENTRATION OF SOTOPIC
HYDROGEN BY TEMPERATURE GRADENT
EFFECT IN SOLUBLE METAL

invention;

FIG. 2 is a graphical presentation of the deuterium density
inside palladium and diffusion-barrier material;

BACKGROUND OF THE INVENTION

This invention relates to the enrichment of isotopic hydro
gen in a Solid-State metal by use of temperature gradient
effects, and is related to the Subject matter disclosed in prior
copending application Ser. No. 07/724,083, filed Jul. 1,
1991.

High concentration of isotopic hydrogen in the form of
deuterium atoms in a Soluble metal Such as palladium, is
very useful for various electro-chemical Studies and other
purposes Such as neution generated for radiography inves
tigations as indicated in our aforementioned prior copending
applicated. A conventional technique used for deuterium
enrichment purposes involves electrolysis, where a palla
dium rod is immersed in heavy water as the cathode.
According to the prior cope inding application,
aforementioned, deuterium density inside a palladium rod is
increased by making use of plasma ion implantation.
Although plasma ion implantation can provide an unlimited
deuterium concentration, it requires elaborate technical
arrangements and tools.
It is therefore an important object of the present invention
to concentrate high-density deuterium in a local volume of
a Soluble metal, Such as palladium, in a less costly and
Simpler manner.

FIG. 3 are plots of normalized deuterium density n(r)/no
in a palladium rod without diffusion-barrier coating, Versus
1O

N(t)/No in a palladium rod without diffusion-barrier coating,
15

FIG. 5 are plots of normalized real (solid curve) and
effective (dashed curves) densities, versus X/L for normal
ized remnant density e=0.3, the parameter l/L=0.4 and
several different values of normalized time m.

FIG. 6 are plots of normalized real (solid curves) and
effective (dashed curves) densities, versus normalized radius
25

r/a for normalized remnant density e=0.3, the ratio R/a=0.5
and several different values of normalized time ;
FIG. 7 is a partial schematic side section view of a
palladium rod type arrangement in accordance with another
embodiment of the invention; and

FIG. 8 is a partial schematic side section view of a
palladium Sample arrangement in accordance with yet
another embodiment of the invention.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS
35

Referring now to FIG. 1 of the drawing, a linear geometry
arrangement is illustrated for a palladium Sample Such as
cylindrical rod 10 in which a constant temperature gradient
is established along the rod length. One axial end 12 of the
40

45

rod 10 along its axis 24 (at x=0) is in contact with a heat sink
14 of temperature T, to establish a cold region while the
other axial end 16 at (x=L) is in contact with a heat Source
18 of temperature T to establish a hot region. The tempera
ture inside the palladium rod is expressed as
T= T - T. x + T.
L

50

(1)

With both the heatsink and heat Source turned-on at the time

t=0, the temperature T(x) in equation (1) of the steady-state
55

60

BRIEF DESCRIPTION OF DRAWING FIGURES

Other objects, advantages and novel features of the inven
tion will become apparent from the following detailed
description of the invention when considered in conjunction
with the accompanying drawing wherein:

normalized time ;
FIG. 4 is a plot of normalized deuterium atom number
versus the normalized time ;

SUMMARY OF THE INVENTION

In accordance with the present invention, a heat Source
and heat sink respectively contact two different temperature
regions of a palladium Sample, (preSoaked with deuterium
atoms and coated with or Securely locked in a metal case of
diffusion-barrier material), to create a temperature gradient.
Since the Solubility of deuterium in palladium is a decreas
ing function of temperature, the deuterium atoms in the hot
region are forced to migrate into the cold region due to the
solubility difference created between the regions. Such
migration results in a highly concentrated deuterium density
in the cold region. The loss rate of deuterium from the
palladium Sample is found to be inversely proportional to the
thickness of the diffusion barrier material, and proportional
to the diffusion coefficient and solubility of deuterium atoms
in the barrier material. Abarrier material, Such as a thin layer
of an iron-nickel alloy, provides Small values of diffusion
coefficient and Solubility So as to reduce the discharge of
absorbed deuterium from the palladium rod surface while
taking into account possible erosion or cracking of the
barrier coating after prolonged use.
Solubility of deuterium atoms in palladium is found to be
a decreasing function of the palladium temperature So that
once the temperature gradient is established, the deuterium
atoms in the hot region Start to migrate into the cold region
and the deuterium density eventually Settles into a steady
State value. The deuterium density in the Steady-State con
dition is also determined to be a few times greater than its
initial value when a reasonably small solubility ratio of the
cold and hot regions is assumed.

the radial coordinate r?a for several different values of

65

condition is established within a few seconds due to the high
heat conductivity of the body 20 of the cylindrical palladium
rod 10. On the other hand, response of deuterium atoms
absorbed in the palladium body to this temperature gradient
is not as fast as the temperature change Since the motion of
the atoms is governed by diffusion. Discharge of the
absorbed deuterium atoms from the surface of the palladium
body is prevented or slowed down by a thin layer of coating
material 22 as shown in FIG. 1, having a low diffusivity and
a low Solubility for deuterium. Such a coating impedes the
outward diffusion of the deuterium atoms, forming a diffu
sion barrier. Diffusion coefficient and solubility of deuterium
in Some metallic host materials are Summarized in the

following Table under room temperature at atmospheric
preSSure.

5,942,206
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TABLE

Metal

(7)

Diffusion

Diffusion

Coefficient(D)
(cm’ sec')

Soluability(s)
(gm atom cm)

Pd
N
Fe

3 x 107
1 x 10
6 x 10

3 x 10
1 x 10
4 x 10

Fe-Ni. Alloy
Fe2O3
Cr2O

1 x 1010
1 x 10-18
9 x 10-16

4 x 10

5

mined by calculating the diffusion-loss time T in equation (6)
for the iron-nickel alloy barrier 22 with its thickness of AX=1
tim. For a palladium rod having a radius a-1 cm and length

L=10 cm, and Substituting the parameters AX=10 cm,
S/S=75, D=10' cm sec into equation (6), the
diffusion-loss time T-3.4x10" seconds, corresponds to 1.1

A presently preferred diffusion barrier coating material
consists of 60% iron and 40% nickel in weight for three
Fe-Ni alloy in the foregoing table. The diffusion

15

coefficient(D) and solubility(S) of Fe-Ni alloys are much

less than those for palladium.
Shown in FIG. 2 is a graphical presentation of the
deuterium density acroSS palladium and diffusion-barrier
material. The interface of palladium and the diffusion-barrier
material is represented by the X=0 plane. The thickness of
the diffusion barrier is denoted by AX. The deuterium density
inside palladium is represented by n which is uniform once
the barrier material is applied to the Surface of the palladium
body of rod 10. According to the equilibrium condition, the
deuterium density n in the barrier at x=0 is given by
Sd

iid

n1.

The effectiveness of the diffusion barrier in preventing
deuterium leakage from the palladium rod, may be deter

25

(2)

where S and S are the solubilities of deuterium in palladium
and diffusion-barrier material, respectively. Note from equa

hydrogen (or deuterium) can be dissolved, forms two phases

as they are absorbed. The C-phase is considered to be a
solution of deuterium in the palladium metal while the
B-phase is related to the formation of palladium deuteride.
The primary interest in the B-phase is based on the fact that
the deuterium Solubility in palladium can be very high even
under ambient atmospheric conditions. Speedy absorption of
deuterium was heretofore limited by its diffusivity and
solubility inside the palladium. The diffusion coefficient D
of deuterium atoms in palladium increases drastically as
temperature of the palladium rod increases from 0 to 100
C. Meanwhile, the solubility S of deuterium in palladium
decreases as the temperature increases. The optimum
absorption of deuterium occurs at a temperature of about 50
C., where both its diffusion coefficient and solubility are
relatively high for deuterium atoms under one atmospheric
preSSure.

tion (2) that the deuterium density n in the barrier is much

less than that in palladium if the solubility ration S/S is
much less than unity, which is a typical feature of the barrier

years, during which the deuterium density inside the palla
dium body 20 reduces to 1/e times its original value.
Palladium metal, in which a large amount of isotopic

35

The loss rate of the deuterium atoms from the fully
saturated palladium rod 10 is estimated by use of the
diffusion equation:

material.

The deuterium density inside the diffusion barrier

(0<x<AX) is expressed as
N(x) = na(1 A.)

(3)

Thus, the flux T of deuterium atoms leaking through the
diffusion barrier is given by
T(x) = D.

40

45

where D(x) is the diffusion coefficient of deuterium atoms in
palladium. The Source h(x,t) of the deuterium atoms van

(4)

where D represents the diffusion coefficient of deuterium in
the diffusion-barrier material. Regognizing that total Surface

where n(x,t) is the density of deuterium atoms in the
palladium rod and h(x,t) is the Source of deuterium atoms.
The flux function T(x,t) in equation (8) is defined by

ishes during the discharging period of the absorbed deute
rium from the palladium rod. Therefore, the diffusion equa

50

area of the palladium rod of length L is A=2 JLa(L+a), the net

tion (9) is expressed as
1

loSS of the deuterium number density per unit time from
palladium is given by

a n(r. t) - ; Dirrin(r. t = 0,

(10)

55

an

in

for the cylindrical coordinate System, where r is the radial
distance from the axis 24 of the palladium rod 10. In general,

(5)

cit

the diffusion coefficient D is a function of the radial coor
dinate and is assumed to be constant.

where the diffusion-loss time t is defined by
Sa LAX

60

(6)

2D4S. (L+ a)

ASSuming that the initial deuterium density in the palladium

rod 10 is no equation (5) is integrated over time t and the
result is given by

65

ASSuming that at time t=0, the deuterium atoms Start to
leak from the palladium Surface, the deuterium density in at
t=0 is expressed as
(11)

where a is the radius of the palladium body and no is the
initial deuterium density when the palladium body is fully

5,942,206
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S
charged with deuterium atoms. Obviously the solution to

The solubility S of deuterium atoms in the palladium body
20 depends strongly on both the palladium temperature T
and the pressure p of the ambient deuterium gas which is in
contact therewith. It is presently known that the solubility

equation (10) at t>0 is given by
&

(12)

n(r,t)=Xa, Jolf, exp(-64),

S(p,T) is and increasing function of the pressure p and a

where J(x) is the Bessel function of the first kind of order
l, f, is the nth root of Jo(B)=0, and a, is the coefficient
determined from the initial condition. The normalized time
in equation (12) is defined by

g= 1

decreasing function of the temperature T, due to exother
micity associated with palladium-hydrogen bonding. In
general,
1O

(19)

(13)
15

The Solution in equation (12) approaches equation (11) when
=0. Thus the coefficient a, is related to the solution in
equation (11) by

Since the palladium rod 10 is completely sealed by its
diffusion-barrier coating 22 after body 20 is soaked in a
preSSurized deuterium gas, the deuterium atoms in the hot
region are forced to migrate into the cold region because of
temperature gradient in accordance with the general prop

erties set forth by equation (19). It is important to note that
the diffusion coefficient D of deuterium in palladium is also
an increasing function of local temperature in palladium,

Multiplying both sides of equation (14) by ro(Br/a) and

I.C.,

making use of the orthogonality of the Bessel function
25

1 O,
? vivrvel
J1 (a v). (F3x)d { 2J
1(a)),
X

C

X

X

}
a = f3.

d

Usually the local temperature T in the palladium rod is well

we obtain the coefficient
(in

specified by its location in the rod, i.e., T=T(x). Therefore,
the solubility S and the diffusion coefficient D are also
described as functions of location in the palladium rod, i.e.,

(16)

6, Jig,

Substituting equation (16) into equation (12), the deuterium
atom density n(r,t) is expressed by
Jo (f, r/a)

- B2).
of exp-6)

(20)

- T D(T) > 0.

(15)

35

S(p,T)=S(p,x) and D(T)=D(x). The temperature and solu
bility at the time t-0 are denoted by T=To and S(po, To)=So,
respectively, where po is the deuterium gas pressure during
the presoaking. Note that the deuterium density at the time

t=0 is n(x)=no, which is a uniform value over the entire

(17)
40

Volume of the palladium rod. Once the temperature gradient
is established, the deuterium atoms in the hot region migrate
into the cold region, Settling eventually into the Steady-state
value at the time t-soo. In order to determine the deuterium

Multiplying both sides of equation (17) by 2 r and inte
grating over r from 0 to a, the deuterium-atom number N(t)
per unit axial length is defined by

N24
No

- R2
PP;9,
B2

density profile in the Steady-state condition, the local Solu

bility S=S(n,T) of deuterium atoms in palladium must be
45

defined when the palladium road is completely isolated. It is

assumed that the local Solubility S(n,T) deceases as the local
temperature in the rod increases as shown by equation (19).

18
(18)

Since the total number of deuterium atoms in the rod is fixed
50

where No=Tano is the deuterium-atom number per unit
axial length at t=0.

during the migration, the local Solubility S(n,T) is a direct
manifestation of the local deuterium density. The deuterium
density in the Steady-state condition is therefore expressed
S

The plots of the normalized deuterium density n(r)/no
versus the radial coordinate r?a shown in FIG.3, are obtained

from equation (17) for several different values of the nor
malized time . Since the deuterium atoms near the palla
dium rod Surface Start to leak first, the deuterium density
near the Surface drops very quickly. The deuterium density
at the center of the rod also reduces when the time is larger
than 0.1. The plot of the normalized deuterium-atom number

55

So

fio,

(21)

which must Satisfy the conservation of deuterium-atom
60

N(t)/No versus the normalized time presented in FIG. 4, is
obtained from equation (18). About two percent of deute

number, i.e.,
n(T)dv=na Lno,

rium atoms leave the palladium rod within the time of

=10". Accordingly, all of the deuterium atoms will even

tually leave the palladium body if not for the diffusion
barrier of coating 22 preventing leaking of the absorbed
deuterium atoms as hereinbefore explained.

n(T) =

65

(22)

where div=dxdydz is the Volume element in the integration.
The conservation of deuterium-atom number in equation

(22) can also be expressed as

5,942,206
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temperature gradient, in as much as a density gradient drives

ints, o, =- 0-

the diffusion motion of deuterium atoms. The effective

(23)

deuterium density may therefore be described in terms of the

temperature gradient, wherein the effective density n, at the
where (6/6u)n represents the derivation of the density with

time t=0 is defined by

respect to the direction perpendicular to the Surface A of the
palladium rod.
In regard to changes in deuterium Solubility, the atomic
ratio Y in the palladium rod 10 in one atmospheric pressure
drops abruptly from Y=0.6 to Zero as the palladium tempera
ture increases from 100° C. to 107 C. Based thereon, it is
assumed that the local Solubility S is approximately
expressed as

tio

fieff

which is discontinuous at X=l. The number density n in

equation (28) is the concentration density in the cold region
defined in Equation (27). The effective density in the steady
15

S1,
S2,

(29)

in 1 + (1-8)no, i < x < L.

state condition at the time t-soo is given by
ne-n1.

where T is the critical temperature at which the local
Solubility changes discontinuously and wherein S>S is
consistent with Equation (19).
Identifying the location x=1 which corresponds to T(1)=T.
from equation (1), the local Solubility in Equation (23) is
also expressed as

Equation (28) reflects that the abrupt density change at x=l
causes migration of deuterium atoms from the hot to cold

region in accordance with the diffusion equation (29). Once
the effective density is calculated, the real deuterium density
25

is determined from

(25)

L

n(x, t) = n eff(x, t) - (l -8)no U(L - x)(x - i),

Substituting equation (24) into equation (21) and making use
of equation (22), we find the steady-state density

(31)

where U(z) is the Heaviside step function defined by
U(Z>0)=1 and U(zz0)=0.

The effective deuterium density n, which satisfies equa

(26)

tion (28) at the time td0 is given by
35
&

X

neif (x, t) = n 1 + X.
a costs exp(-sn),
s

where the normalized remnant density e is related to the
solubility by
40

(27)

(32)

where a is coefficient determined from the initial condition
and the normalized time m is defined by
(33)

45

Thus, the deuterium concentration (n) in the cold region is
sensitive to the ratio S/S of the local solubility. Equations

(25) and (26) also reflect that concentration of deuterium in

the cold region increases as the value of the parameter l/L
reduces and as the ratio S/S reduces.
The transient deuterium density is calculated from the

50

diffusion equations (8) and (9). Although the diffusion
coefficient D(T) of deuterium atoms in palladium is a
Sensitive function of the palladium temperature T, it is
assumed that the coefficient D is a constant, in order to make

the Subsequent calculation analytically tractable. If the tem
perature difference between the heat source 18 and sink 14
is relatively Small, the assumption of a constant diffusion
coefficient is well justified. In the cartesian coordinate, the
diffusion equation is expressed as
32

55

Equation (32) satisfies the boundary condition of equation
(23). The Solution in equation (32) approaches that of
equation (29) when m=0. Thus the coefficient a, is related to
the difference of the steady-state solutions of equations (29)
and (30), which is expressed as

Xa, costsn)LX
S

no - n: , 0 < x <l
(1 - e)no, , i < x < L.

(34)

Multiplying both sides of equation (34) by cos(s'LX/L) and
making use of the orthogonality of the cosine function, one
60

obtains

2 in sn't;
a = - f(1 - e)no-si
Si.

(28)

a n(x, t) - Dants, t) = 0.

(35)

65

It should be noted that the real deuterium density at t=0 is
uniform throughout the rod, despite the already established

Substituting Equation (34) into Equation (31), the effective
deuterium density is eventually expressed as

5,942,206
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neif (X, f)

(36)
L

2L

Neglecting the influence of the inner hold 26 on properties

1

e -- (l - e) - (1 t), sinneoston; exp(-sn).

of the deuterium density, Substituting Equation (38) into
Equation (21) and making use of Equation (22), the steady
State density is determined by

To estimate the deuterium density as a function of time,

equation (35) is investigated numerically. The plots of the
normalized real (Solid curves) and effective (dashed curves)
densities versus X/L shown in FIG. 5, are obtained from
equations (31) and (36) for the normalized remnant density

(40)

e=0.3, the parameter l/L=0.4 and several values of normal
ized time m. Substituting e=0.3 and l/L=0.4 into equation

(27), the ratio S/S=0.1463 is determined, which is a
reasonable hypothetical number. Thus, the real and effective
densities are identical for the range 0<x<l see equation (3).
In the real density profile, the high density is in the range of
0<x<l. However, in FIG. 5 the density profile n(n,t) is

15

where the normalized remnant density e is related to the
solubility by
(41)

presented, which connects Smoothly the high density portion
with the low density portion. Several points are noteworthy
from FIG. 5. First, the effective density has a step function

profile in early time as predicted from Equation (29). The

real density n has a uniform value no. Second, the initial
diffusion of deuterium atoms in the hot region is driven by
a stiff effective density gradient at x=l. The effects of
temperature gradient is well represented by the effective
density profile. Third, deuterium atoms in the hot region
migrate to the old region as time progresses, depleting

Note from Equations (40) and (41) that the concentration
25

density in the cold region is a function of the parameter
af/Rf. A small increase in the radius ration a/R results in a
drastic increase in the concentration density.
The effective deuterium density at t=0 is given by
fio,

density in the hot region as predicted by Equation (26).

it.

Eventually, the deuterium density is identical to Equation

eff

in 1 + (1-8)no, R < r < a.

(26). As shown in FIG. 4, more than 90% of the necessary

migration of deuterium atoms is completed within the nor
malized time m=2, which corresponds to the migration time
of t=7.8 days for L=10 cm and the diffusion coefficient of

D=3x10 cm sec'. The diffusion coefficient in such an

example is 100 times that for the room temperature 27 C.
This high diffusion coefficient is well justified when the heat
sink temperature T is close to 100° C.
In order to generate temperature gradient in the radial
direction, a hole 26 with radius b is bored along the axis 24
of a palladium rod 10' according to another embodiment

35
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which starts to diffuse through the palladium rod according
to the diffusion equation (10). The diffusion coefficient D is
assumed to be uniform for a Small temperature difference
between the heat source and sink. Obviously, the effective
density which satisfies Equation (10) is a combination of the
Steady-state and time-transient Solutions. That is

neif (r,t) = n + X. a, Jolo, exp(-oia),

(43)

shown in FIG. 7. Aheat sink material 28 is inserted into hole

26. The surface of the tubular body 20' of rod 10' is in
contact with heat source 18 at temperature T, while the
inner Surface of the Small hole 26 is in contact with heat sink
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material 28 at temperature T. Therefore, the temperature

T(r) in the region of b<rza is given by
in (r/b)

where C, is the nth root of J. (C.)=0 and the normalized time
is defined in Equation (13). Note that the effective density
in Equation (43) satisfies the boundary condition in Equation
(23), thereby conserving the total number of deuterium
atoms inside the palladium rod.

(37)
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It is again assumed that the local Solubility S has a step
function profile, changing abruptly at the critical tempera
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The effective density in Equation (43) is equal to that in
Equation (42) for=0. Thus the coefficienta, is related to the
difference of the Steady-state values of the densities in
Equations (42) and (43), and is expressed as
no - n: , 0 < r < R.

Xa, Jolo, ={ - e)no,

(44)

ture T=T as discussed with respect to Equation (23).
Therefore the local solubility S is expressed as
S(r) =

{.

Multiplying both sides of Equation (44) by ro(Cr/a) and

(38)

making use of the orthogonality of the Bessel function in
60

R J (a, R/a)

where the radius R corresponding to the critical temperature

a = -2(n1 - eno)-

critical radius R, i.e.,

(45)

a Q, Ji (a,)

T is determined from Equation (37). For the sake of
Simplicity in the Subsequent analysis, it is assumed that the
radius b of inner hole is very small in comparison with the

Equation (15), the coefficient (a) is:
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Substituting expression (45) into Equation (43), the effective
deuterium density is expressed as

5,942,206
11
neif (r, t)

(46)
a

c + (1-8),

2a

(1-8)

a, Ji (a,)

Jolo, exp(-ois).

The real deuterium density is related to the effective density
by
2

n(r,t) = n (r,t)-(1 -e); no Utta - r)( - R),

(47)

where U(x) is the Heaviside step function.
Numerical investigation of Equations (46) and (47) has
been carried out for a broad range of physical parameters
including the remnant density (e), the critical radius (R/a),
time () and the radius r. Shown in FIG. 6 are plots of the
real density (solid curves) and the effective density (dashed
curves) versus the normalized radius r/a obtained for the
normalized remnant density e=0.3, the ratio R./a=0.5 and
several different values of the normalized time. About 90%
of the necessary migration of deuterium atoms is completed
within the normalized time =0.1, which corresponds to the
real time of t=One hour for the palladium rod radius a-1 cm

15

25

and the diffusion coefficient D=3x10 cm sec' (assuming

that the palladium temperature is near 100° C.). Obviously,

the migration time in the cylindrical geometry of FIG. 7 is
much shorter than that in the linear system of FIG. 1, simply
because of the fact a <<L in general. Diffusion characters of
deuterium atoms in the cylindrical geometry are very similar

to those in the linear System (see FIG. 5). One notable

difference between the cylindrical and linear Systems is the
density concentration intensity. In the cylindrical geometry,
the deuterium atoms converge inward and create a tremen
dous density concentration. In this regard, the cylindrical
geometry is more efficient in creating a highly dense region.
In accordance with yet another embodiment of the inven
tion as shown in FIG. 8, the palladium sample is in the form
of a body 20" having a relatively large volumetric end
portion 30 and an opposite small volumetric end portion 32.
The end portion 30 is connected to heat source 18 so as to
establish therein the hot region at temperature T while the
end portion 32 is connected to heat sink 14 to establish
therein the cold region at temperature T. The palladium
body 20" furthermore includes a relatively narrow portion
34 intermediate the end portions 30 and 32 to form a
capillary passage for reduced flow of thermal energy to
enhance the migration of deuterium atoms from the hot
region attemperature T to the cold region attemperature T
as hereinbefore described. Further, the palladium body 20"
is fully enclosed by a casing 22" of a metallic diffusion

Numerous other modifications and variations of the
35
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should be a continuous function of location. Also, the

diffusion coefficient D in the hot region is considerably
larger than that in the cold region. Thus, the deuterium
density during the migration time could be also piling up
near X=l in the linear System or near r=R in the cylindrical
geometry, due to non-uniform diffusion coefficient. In this
context, the periodic temperature changes at the heat Sink
and heat Source may enhance the fusion probability in the
palladium rod. This local density pile-up can be greatly
enhanced by a large difference of diffusion coefficients in the
hot and cold regions. Based on the foregoing, a high-density

present invention are possible in light of the foregoing
teachings. It is therefore to be understood that within the
Scope of the appended claims the invention may be practiced
otherwise than as Specifically described.
What is claimed is:

barrier material.

In conclusion, the Solubility of deuterium atoms in pal
ladium is a complicated function of temperature, which

12
deuterium is achieved by compression into a local Volume of
a palladium body making use of the temperature gradient
effects on the solubility of deuterium therein. The heat
Source 18 at temperature T and heat sink 14 at temperature
T are in contact with two different parts of the palladium
Sample, which is presoaked with deuterium atoms and
enclosed by diffusion-barrier material to create the tempera
ture gradient in the Sample. Since the deuterium Solubility
decreases as temperature rises, deuterium atoms in the hot
region are forced to migrate into the cold region, thereby
establishing a concentration gradient in deuterium density.
From investigations outlined herein of loSS rate of deuterium
from the palladium body enclosed by the diffusion barrier, it
has been determined that the loSS rate is inversely propor
tional to the barrier thickness, and proportional to the
diffusion coefficient and the solubility of deuterium atoms in
the barrier material. Discharge of the absorbed deuterium
from the coated palladium body surface can be effectively
reduced to one year (T=1 year) by way of example, where
an iron-nickel alloy type of diffusion barrier is utilized with
a thickness of AX=1 lim. Migration behavior of deuterium
atoms in palladium has been graphically presented in FIGS.
5 and 6 based on the fact that the solubility of deuterium is
a decreasing function of temperature and that the total
number of deuterium atoms in the palladium body is con
Served. Once the temperature gradient is established, the
deuterium atoms Start to migrate from the hot region to the
cold region and the density profile will eventually Settle into
the Steady-State value in terms of the ration S/S of the
solubility in the hot region to that of the cold region. The
deuterium density concentrated in the cold region under
Steady-state condition is a few times its initial value for a
reasonably Small value of the ration S/S.
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1. A method of concentrating isotopic hydrogen within a
predetermined region of a Solid-state body having the iso
topic hydrogen absorbed therein, including the Steps of:
enclosing the solid-state body within a diffusion barrier to
reduce leakage of the isotopic hydrogen absorbed; heating
the Solid-state body at a location therein Spaced from the
predetermined region after Said enclosing in the diffusion
barrier to establish a temperature gradient inducing flow of
thermal energy toward Said predetermined region; continu
ing Said heating of the Solid-state body at Said location
therein until density of the isotopic hydrogen absorbed
within the predetermined region increases to a Steady-State
level; and restricting Said flow of the thermal energy by
confinement of Said flow to a capillary passage formed by
Shaping of the Solid-State body between said heating location
and the predetermined region, to enhance migration of the
isotopic hydrogen absorbed from Said heating location
toward the predetermined region thereby effecting Said
increases in the density thereat of the isotopic hydrogen
absorbed to the steady-state level.
2. The method as defined in claim 1 wherein the increases

in density of the isotopic hydrogen absorbed depends on
factors which include selection of material from which the

Solid-State body is formed and concentration of the isotopic
hydrogen absorbed therein.
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3. The method as defined in claim 2 wherein the selected

material is palladium.
k
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