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Reaction rates from recent electrochemical fusion exper-
iments have been found to be as many as seventy orders of 
magnitude larger than those obtained from simple calcula-
tions involving an extrapolated low-energy deuterium-deu-
terium (D-D) cross section and a sharp velocity distribution. 
However, if an appropriate Maxwell-Boltzmann velocity dis-
tribution is used in place of the conventional sharp (mono-
energetic) velocity distribution, the calculated reaction rate 
increases by as much as f i f t y to sixty orders of magnitude. 
Furthermore, the center-of-mass energy at which the D-D 
cross section is evaluated for given D-D energy is much larger 
than that used in the conventional calculations due to the 
higher energy components in the Maxwell-Boltzmann distri-
bution. Finally, the above results are not significantly affected 
if a reasonable high-energy cutoff Ec is included in the veloc-
ity distribution. 

I. INTRODUCTION 

Recently, a surface reaction mechanism1,2 was proposed 
as a consistent and plausible explanation for tritium and neu-
tron production and excess heat generation above that due to 
the electrode reaction reported by Fleischmann and Pons3 

and others4-8 in their electrolysis experiments. In the surface 
reaction mechanism, deuterium-deuterium (D-D) fusion takes 
place in the surface zone of a palladium cathode where 
whiskers of metal deuterides (PdD and/or LiD) are formed by 
electrolysis. These whiskers occupy a surface zone of > 10-^m 
thickness, where most D2 gas bubbles are formed from the 
dissociation of D 2 0 . Depending on the electrolysis condi-
tions, many spherical and hemispherical D2 gas bubbles of 
various sizes (radii ranging from a few micrometres to a few 
millimetres) are produced in the surface whisker zone where 
they stay for a certain time duration before they move from 
the cathode. Many of these D2 gas bubbles in the surface 
whisker zone have whiskers protruding into them, creating 
field emission potentials around the tips of the whiskers. The 
average potential in each D2 bubble is expected to be approx-
imately that of the applied potential of the electrolysis cell, 
but the electric field near the whisker tips can be several 
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orders of magnitude larger than the average field, as is well 
known from field emission studies. Thus, D + ions in the bub-
ble gain kinetic energies with a statistical distribution that de-
pends on the bubble size and values of the widely varying 
electric field inside the bubble. When the applied potential 
is - 1 0 V, the average laboratory kinetic energy of the D + 

ions in each bubble is expected to be —10 eV. 
It has been argued1 '2 that the D-D fusion rate with a 

Maxwell-Boltzmann D + velocity distribution can become very 
large at low energies compared to that with a sharp velocity 
distribution. In this technical note, we present results of our 
detailed calculations of the D-D fusion rates using both a 
sharp (5 function) velocity distribution and a statistical dis-
tribution with and without a cutoff in the high-velocity com-
ponents. In Sec. II, definitions and expressions for the D-D 
fusion cross section and rate are described. In Sec. Ill, the 
calculated results are presented and discussed. Finally, Sec. IV 
contains a summary. 

II. THEORETICAL FORMULATION 

The two dominant channels for D-D fusion are 
D + D-> 3H(1.01 MeV) + p(3.02 MeV) (la) 

and 

D + D 3He(0.82 MeV) 4- n(2.45 MeV) . (lb) 

Reaction (la) is not "real" fusion but a neutron-transfer re-
action, while reaction (lb) is a fusion reaction in which two 
protons are fused to form a 3He nucleus. Because of the 
complexity of the four-nucleon system, no rigorous theoret-
ical calculations of the D-D fusion rates and branching ratios 
have been carried out at low positive energies. Since there are 
no direct measurements of the D-D fusion cross sections O(E) 
for reactions (la) and (lb) below Ed s 4 keV (laboratory 
frame), A(E) has to be extrapolated using the measured values 
of O(E) for ED ^ 4 keV, as is conventionally done in astro-
physical calculations910 for temperatures of kT > 1.5 keV. 
In our case, an extrapolation down to the order of 10 eV is 
required. We adopt the extrapolation method used in astro-
physical calculations9,10 in the following. Furthermore, we 
assume equal branching ratios for reactions (la) and (lb) for 
simplicity of calculation due to the lack of experimental data 
at extremely low energies. 
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II.A. Maxwell-Boltzmann Distribution 

Since the precise form of the D + velocity distribution in 
electrolysis experiments is not known at present, we assume 
a Maxwell-Boltzmann distribution with and without a cutoff 
for high-velocity components. We use a velocity cutoff in the 
Maxwell-Boltzmann distribution to simulate the situation in 
the D2 gas bubbles, where the high-energy tail is probably 
truncated. The temperature term kT is replaced by the "aver-
age" kinetic energy £"0.0, in the center-of-mass (CM) D-D 
frame, which is related to the most probable velocity v (CM) 
by ED_D = (M/2)V2 (CM) with the reduced mass M = MD/2. 

For a Maxwell-Boltzmann velocity distribution, the D-D 
fusion rate, A ( s - , / D - D pair), for reaction (la) or (lb) is 
given by9 ,10 

A ( ^ D - D ) = Y <av> , (2) 

with 

( av) = 
(8 / t t ) 

MW2(ED 

/ 2 p E c 

-TT72 * D) JO 
(E)Eexp(—E/ED_D) dE , (3) 

where the cross section a(E) is parameterized as (E is in the 
CM frame) 

o(E)= ^ e x p [ - ( E c / E y / 2 ] 
E (4) 

which is the conventional form assuming nonresonant charged-
particle reactions for reactions (la) and (lb). Here, EG is 
the "Gamow energy" given by EG = (27raZDZD)2Mc2/2 or 
EX2 « 31.28 (keV) I / 2 for the reduced mass M ~ MD/2. The 
extrapolated values of the 5 factors for reactions (la) and (lb) 
are nearly equal at E ~ 0 [S(E ~ 0) ~ 55 keV-b], although 
S(E) for reaction (lb) is slightly larger than 5(£*) for reac-
tion (la) for E > 20 keV (Ref. 11). The deuterium density nD 
is assumed to be - 6 x 1022 c m - 3 . In Eq. (3), Ec is the upper 
integration limit beyond which the high-velocity components 
are cut off . 

With a Taylor series expansion of S(E) as given in 
Ref. 9, 

S(E) « 5(0) + 5 ' ( 0 ) £ + - S"(0)E2 , (5) 

For a finite cutoff energy Ec in Eq. (3), the results for 
(av) are obtained by carrying out the integration numeri-
cally. The integrand of Eq. (3) is shown in Fig. 1. The aver-
age kinetic energy ED.D (CM) is expected to be - 1 0 eV when 
the applied potential is —20 V, as in a typical electrolysis ex-
pe r imen t . 

If.B. Sharp Velocity Distribution 

For a sharp velocity distribution, which has been used to 
argue against the possibility of D-D fusion at room temper-
ature, the D-D fusion rate ( s _ 1 /D-D pair) A^ is given by 

A6(E) = y a(E)v (CM) , (7) 

where 

E = Ed.d = — v2 (CM) = — v2(lab) = \ ED(/ab) . 
M 

2 

III. RESULTS 

The extrapolated cross section a(E) for D-D fusion for 
both reactions (la) and (lb) calculated from Eqs. (4) and (5) 
using parametric values given in Ref. 9 is plotted as a func-
tion of ED.D (CM) in Fig. 2 (ED.D < 20 eV) and Fig. 3 (£D_D < 
200 eV). The extrapolated values of a(E) are used to cal-
culate the D-D fusion rates A and A5 using Eqs. (2) and (7), 
respectively. The calculated results for A (upper curve) and 
A6 (lower curve) for the case of Ec 00 are shown in Fig. 4 
( ^ d . d < 20 eV) and in Fig. 5 (ED.D < 200 eV). As can be 
seen from Figs. 4 and 5, the calculated rate A with the Max-
well-Boltzmann distribution [Eq. (2)] becomes astronomically 
larger than the rate A6 calculated with a sharp distribution 
[Eq. (7)], as ED_D decreases. At £d-d ~ 30 eV, the ratio of A 
to A6 is (A/Aa) - 1052, and becomes even greater as £d-d 
decreases below 30 eV. 

The effect of introducing a cutoff for higher velocity 
components in the Maxwell-Boltzmann distribution is inves-
tigated by varying the upper limit Ec of the integration in 
Eq. (3). The calculated results for A(£'D .D) are plotted as a 
function of Ec < 1 keV for the cases of "average" kinetic 

the integral in Eq. (3) can be shown to approximate for the 
case of no cutoff, Ec-+ 00, 

(av) = 
1/2 A£0 

M) (Ed.d) 3/2 S^exp(-r) , 

where 

AE0 = 4(E0ED.D/3)l/2 

t = 3E0/Ed.d , 

and 

SEFF = 5 ( 0 ) 

with 

12r 5(0) 

+ 1 S"(0) / . 89 
2 W V 0 + 36 0 D 

Eo — (Eg Ed.D/2) ,2/3 

(6) 
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Fig. 1. The integrand of Eq. (3) for five different values of the 
average center-of-mass kinetic energy ED.D. 
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Fig. 2. The extrapolated cross section for reactions (la) and (lb) Fig. 5. Same as Fig. 4, but for £ D D < 200 eV. 
for ED.D < 20 eV. 

Fig. 3. The extrapolated cross section for reactions (la) and (lb) 
for £ d . d < 200 eV. 

Ed .d (eV) 

Fig. 4. The calculated reaction rate A (s_1/D-D pair) for reactions 
(la) and (lb) as a function of ED_D < 20 eV. The upper 
curve is the result of using the Maxwell velocity distribu-
tion, while the lower curve is the result of using a 6 func-
tion velocity distribution. 

Fig. 6. The calculated reaction rate for reactions (la) and (lb) in-
cluding a cutoff at energy EC in the Maxwell velocity distri-
bution. The result is shown as a function of EC for five 
different values of the average CM energy /iq-d. 

energies of £D-D = 1> 5, 10, 50, and 100 eV in Fig. 6. As can 
be seen in Fig. 6, the results for A calculated with cutoff dis-
tributions are not significantly affected if a reasonably high-
energy cutoff is used in the velocity distribution. 

The D-D fusion rate for reaction (la), A ^ p ( l a ) * 10 - 1 9 

s _ 1 , inferred by Fleischmann and Pons3 from the measure-
ment of tritium production, and also the D-D fusion rate for 
reaction (lb), A"xp(\b) « 10~23 s"1 , obtained by Jones et al.4 

are often criticized as being impossible or incorrect when 
compared to estimates of A in bulk matter (an upper limit 
of A < 10~47 s" 1 ) (Ref. 12) or to the result of A6 shown in 
Figs. 4 and 5 (lower curves). Our results for A (upper curves) 
shown in Figs. 4 and 5 indicate that A ^ ( l b ) ~ (10~23/s)4 

and Ajxp « (10~19/s)3 are consistent with calculated values of 
A ( £ D _ D ) « 1 0 " 2 3 s " 1 a n d A(ED_D) ~ 1 0 " 1 9 s " 1 f o r ED.D * 
15 eV and 20 eV, respectively. Therefore, the claimed values 
of A ^ ( l b ) ~ (10"23/s)4 and A ^ ( l a ) « (10"19/s)3 are phys-
ically acceptable values for the D-D fusion rate in electroly-
sis experiments if the applied potentials are 30 and 40 V, 
respectively. 
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To match the D-D fusion rate A^D.D) from reaction 
(la) to the rate A^J'(la) « (10~10/s)3, inferred by excess heat 
measurements,3,5 '6 an average kinetic energy of ED_D ~ 75 eV 
is needed. At present, there are no known physical mecha-
nisms which enable D + ions to attain an average D"1" kinetic 
energy IS D-D > 20 eV when the applied potential is <40 V in 
electrolysis experiments. However, if, in the future, experi-
mentally measured values of a(E) for reactions (la) and/or 
(lb) at low energies turn out to be larger than the extrapo-
lated values by a factor of ~101 0 (which is a small scaling 
factor for A when compared to A / A 6 « 1052 at ED_D ~ 30 eV) 
(Ref. 13), then an increased rate of A(ED.D) ~ 10 - 1 0 s - 1 would 
result from a Maxwell-Boltzmann velocity distribution with 
an average kinetic energy of ED.D ~ 20 eV, a value expected 
when a potential of 40 V is applied in electrolysis experiments. 

IV. SUMMARY 

It is shown that the low-energy D-D fusion rates A(isD_D) 
calculated with a Maxwell-Boltzmann D + velocity distribu-
tion are astronomically larger (a factor of 1052 at Zsd.d « 
30 eV) than the conventional estimates, A6(£'D.D), calculated 
with a sharp distribution, as shown in Figs. 4 and 5. 

The claimed values of KT
exp(1 a)«(10" 1 9 /s) 3 and An

exp(1 b ) » 
(10~23/s)4 are consistent with the surface reaction mechanism 
when the D + flux with a Maxwell-Boltzmann velocity distri-
bution is maintained at average kinetic energies of ED.D = 20 
and 15 eV, respectively; these energies correspond to an ap-
plied potential of 40 and 30 V, respectively, for electrolysis 
experiments. 

For the claimed value of Ah
e
e
x
aJ « (10" l o /s) (Refs. 3, 5, 

and 6), an additional increase of ~101 0 in the value of o(E) 
is needed to obtain a value of A(£D_D) « 10" l o /s at ED.D 35 

20 eV. 
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