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Two successive long-duration experiments for the obser
vation of deuteron-deuteron (d-d) fusion neutrons emanat
ing from a massive palladium slab are described. The 
experimental effects observed are discussed through the use 
of a simple plasma like model for the time dependence of fu
sion reactions in condensed matter, which is modified for 
a plane geometry. This results in a plasma fusion rate of 

>..:!d = (1.0 ± 0.15) x 10-44 s- 1. While plasmalike behavior 
leading to observable d-d fusion reaction intensities occurs 
temporarily, under nonequi/ibrium conditions of electrolytic 
charging only, for permanently occurring d-d molecular fusion 
in the fully loaded palladium slab from the experiments, only 
an upper limit can be set, which is given by Ad-d < 10-26 s-1. 

I. INTRODUCTION 

This technical note continues the presentation of results 
on the weak neutron production caused by possible deuteron
deuteron (d-d) fusion processes in condensed matter car
ried out at Technische Universitat Dresden since April 1989 
(Refs. 1 through 5). 

The experimental method was described in detail in Ref. 1. 
Essentially, it consists of the long-term observation of pos
sible d-d fusion neutrons emanating from an electrolytic cell 
containing a massive palladium cathode during electrolytic 
charging, the deuterons being measured relative to the back
ground as well as relative to other cells using a fast neutron 
proton-recoil spectrometer. Measurements relative to cells 
containing light water and others with zero electrolytic cur
rent are also included. 

For physical discussions of the time structure of possible 
d-d fusion processes in cylindrical geometry, a simple plas-
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malike model was proposed in Ref. 2; the model is modified 
here for a plane geometry. 

This technical note describes investigations of long-term 
effects in the massive palladium slab AH 1. This cathode was 
observed during two successive experimental cycle series 
(ECS) to determine the behavior of the background (an 
empty position near the detector) and of two other massive 
but cylindrical electrodes. The behavior of the cylindrical elec
trodes is presented in Refs. 3 and 4. 

II. EXPERIMENT 

The ECS2 ran from May 23-June 2, 1989. For 213 h, the 
two-electrode slab AH 1 and the stressed cylinder Stab 1 were 
electrolytically charged, and the corresponding neutron pro
duction was observed in a sequence of 1-h measurements rel
ative to the background count rate. 

After an -50-h interruption in the measurements, ECS3 
was started; in this experiment, slab AH l, which was with
out previous discharge, was investigated further in relation 
to the behavior of the two massive cylinders Zl and 22 for 
-760 h. ECS3 ran from June 3-July 7, 1989. 

The dimensions of the uncharged slab AHi are 49.8 x 
40.3 x 7 .1 mm, corresponding to 171. 796 g of high-purity 
palladium. A platinum grid -5 mm from both sides of the 
palladium surface was used as the anode. The 3 M electro
lytic solution of LiOD in D20 was driven with a constant 
electric current of/= 8 A, corresponding to an electric cur
rent density of -200 mA- cm -2

• (For simplicity, only the 
front and back surface areas are taken into account.) The 
deuterium content was checked by weighing the cathode 
before and after each experimental cycle. (After ECS3, the 
weight was determined twice: before and after outgassing in 
a vacuum stove.) Additionally, each experimental cycle was 
briefly interrupted once for weighing; otherwise, the electrol
ysis continued without interruptions. Because of the sampling 
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procedure of the measurements, the total number of single 
l-h measurements for each electrode and background is much 
less than the entire duration of the experimental cycle. For 
ECS2, there are 49 and 52 measurements for AHi and for the 
empty position in front of the detector, respectively. For 
ECS3, the numbers are 149 and 162, respectively. 

After about every 8 h, the stability of the detector and the 
energy calibration were checked by using radioactive sources. 
The pulse-height spectrum or proton-recoil energy (PRE) was 
recorded both in 512 channels of a multichannel analyzer as 
well as in the following, more sensitive, broad channel ranges 
(CHRs). 

and 

CHR2: PRE 1.4 to 2.9 MeV , 
CHR3: PRE l.9 to 2.9 MeV , 
CHR4: PRE 2.9 to 4. l MeV , 

CHR5: PRE 4.l to 8.0 MeV 
Following the reaction 

d + d-> 3He + n + 3.269 MeV , (l) 

the desired effects from single d-d reactions are expected in 
both CHR2 and CHR3. The most sensitive reaction-to-back
ground ratio for d-d neutrons is expected for CHR3 because 
of the smaller background. In the higher CHRs, d-d neutrons 
are not expected to contribute to the count rate unless they 
are produced in very short hypothetical "neutron bursts. "6 

However, counts from alternative nuclear processes assumed 
by other authors 7 could also occur in these CHRs. 

The method used here has the following advantages 1: 

1. comparatively low background count rates in CHR2 
and CHR3 because of the n--y and n-µ, discrimination 
of the detector signals 

2. satisfactory d-d neutron detection efficiencies of 5 and 
30/o in CHR2 and CHR3, respectively 

3. diminution of the influence both of slow drifts or 
time-dependent external sources of radiation (e.g., 
cosmic background) on the results because of the con
sequently relative procedure of these measurements 

4. high sensitivity to small effects as a result of the meth
ods used for data reduction, statistical averaging, and 
integration, which allow average effects down to l to 
2 count/h to be detected. 

Ill. MEASUREMENT RESULTS 

Ill.A. Weighing the Deuterium Content 

Results of weighing electrode AH l during the experiment 
are summarized in Table I. During ECS2, the cathode was 
loaded with >2 g of deuterium and reached an atomic ratio 
in PdDx of x = 0.615. By outgassing, the cathode lost 33 mg 
of deuterium during the -50-h interruption between the two 
series. In the following long-term electrolytic charging, the 
deuterium content increased very slowly and reached x = 

0.698 after 760 h of charging. However, this number must be 
understood as the average deuterium density for the entire 
volume of the electrode. Indeed, the distribution of deuterium 
in the metal, even after several hundred hours of charging, 
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TABLE I 
Determination of Deuterium Content in Palladium Slab 

Electrode AH l During Electrolytic Charging* 

Experimental m mo t let/ 
Cycle Date (g)3 (g) X (h) (h) 

2 May 22 173.140 0 0 0 0 
May 26 174.264 1.124 0.343 95 95 
May 31 175.156 2.016 0.615 213 213 

3 June 3 175.123 l.983 0.605 0 213 
June 23 175.203 2.063 0.629 471 684 
July 5 175.426 2.286 0.698 760 973 

* X = atomic ratio in PdDx . 
3This includes l .434 g of the platinum conductor fixed to the 
cathode. 

is not expected to be completely homogeneous as the charac
teristic diffusion time rv for the massive slab used is of the 
order of 

where 

h2 
TD== - == 280 h 

D 

h = 0. 71 cm = thickness of the slab 
D == 5 x 10-7 cm 2 • s - t = diffusion coefficient. 8 

This means that near the surface of the slab and far from the 
border, the local density should be much closer to the max
imum loading, or x == 1. 

111.B. Neutron Detection During ECS2 

In Fig. 1, the count rates in CHR3 for botil the cell with 
AH l and for the empty position in front of the detector are 

50 
CHR3 STARTING DATE: MAY 23, 1989 

* AH1 
40 ,. EMPTY POSITION 

A . .. ' 
£ .. . .. . .. 
w 30 . .. . ..� .... • A 

I- .. 
<( .. .. . . A 

a: ... ... . . 
A 

I- ... . ..  A . 
z 20 .. .. ,.,. . .. 

. 
.. 

A A . . . .... .. 
0 .. . . 
u . .  .. 

... . '; a ,.A 

10 

0 50 100 150 200 250 
TIME (h) 

Fig. I. Experimental count rates for 1-h intervals in CHR3 for the 
cell with AHi in front of the detector (noted by asterisks) 
and the empty position (noted by triangles) during ECS2. 
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shown. It is already evident that up to the 100-h mark of elec
trolysis time, the effect counts (marked by asterisks) and 
background counts (marked by triangles) are at almost the 
same level, while later on, the effect data are slightly above 
the corresponding background data. However, this is a very 
small difference that is scarcely detectable by the eye. 

A slow increase in the background level during ECS2 is 
properly taken into account by the alternating procedure of 
the measurements. 

A rough quantitative idea of the neutron excess observed 
in the presence of the cell in front of the detector can be ob
tained from Table II. 

The count rate difference (CRD) for the whole experi
mental cycle is positive, having a confidence level of 2a. 
However, in the first half, the CRD is even negative, while 
in the second half, the difference is definitely positive (with 
2.5a). This behavior can be understood if a "shadow effect" 
caused by cell AHi is assumed. This means that an inactive 
electrolytic cell absorbs a small part of the neutron back
ground from the surroundings, which would otherwise 
slightly increase the background count rate. This effect was 
investigated and proved experimentally by additional mea
surements with massive cylindrical samples both with light 
water and with cells without electric current. 1 In the present 
case of the larger cell and the heavier cathode, the effect of 
background reduction could reasonably be expected within 
the limits of -2.0 ± 1.3 h- 1 within CHR2 and -1.3 ± 0.9 in 
CHR3. If this effect is taken into account, the corrected 
CRDs shown in Table II are obtained. The averaged CRD 
(ACRD) within 100 h after starting the electrolysis is almost 
zero (within 1 a); in the second half, it reaches almost 3a. This 
is in accordance with the observations for cylindrical cells Zl 
and Z2 (Refs. 3 and 4). 

If CRDs are averaged over time intervals of 10 or 20 h, 
a systematic increase in the activity of the electrode can be 
found, as shown in Fig. 2. 

The integrated count rate difference (ICRD), which rep
resents the ACRD from Oto the variable time t (Ref. l), is 
shown for CHR3 and ECS2 in Fig. 3. A slow but continuous 
increase in the ICRD, starting with negative values and end
ing with positive is observed as the electrolysis time t in
creases. Note that in both Figs. 2 and 3, the indicated zero 
lines still do not take into account the shadow effect. How
ever, both figures show that a reduction of the effective back
ground line by 1.3 ± 0.9 h-1 seems very reasonable because 

TABLE II 

Averaged Effect (Cell AHi) Minus Background* 
Count Rate Differences for CHR2 for 

Different Time Intervals** 

Time Measured Corrected 
Interval Difference Difference 

(h) (h-') (h-1) 

0 to 100 -2.6 ± 1.5 -0.6 ± 1.9 
100 to 213 +5.0 ± 2.0 7.0 ± 2.4 

0 to 213 +2.9 ± 1.4 4.9 ± 1.9 

*For both empty position measurement and corrected back
ground line. 

**During ECS2. 
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in this case, for the first days of electrolysis, the measured ef
fects are almost exactly equal to zero. 

Unfortunately, ECS2 was already finished after 213 h, and 
so the increase in CRD was not followed up to its maximum. 
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Fig. 2. The ACRDs in CHR3 during ECS2 for averaging intervals 
of 10 and 20 h. 
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Fig. 3. The ICRDs in CHR3 during ECS2 (I a corridor) are shown; 
the dashed horizontal line indicates the corrected back
ground level. 
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The reason for this was that the first rough data analysis dur
ing the experiment was not sensitive enough to recognize the 
systematic trends of this effect. 

Nevertheless, it already became evident at that time that 
there are some positive effects. Therefore, it was decided 
to follow the behavior of these effects in comparison with 
other massive electrodes in ECS3, which started after -50 h 
of interruption with no electrolytic current in cell AHi . 

111.C. Neutron Detection During ECS3 

The ECS3 lasted for 786 h during which cell AHi ran for 
760 h under almost the same electrolytic conditions as in 
ECS2. Within that 760-h period, cell AHi was measured 149 
times, while the background (empty position) was determined 
162 times. Again, each measurement lasted l h. 

The distribution of background counts in CHR3 and 
CHR4 as a function of time that is presented in Fig. 4 shows 
that the spectrometer is reasonably constant. Possible slow 
shifts of the background level are properly taken into account 
by the relative procedure of measurements; otherwise, it 
would be completely impossible to determine CRDs on the 
order of a few counts per hour. 

Tables III and IV present the ACRDs for a few broad 
time intervals in CHR2 and CHR3, respectively. The corre
sponding count rate distributions both on an absolute scale 
and in comparison with a fitted background line are shown 
in Fig. 5. Both the tables and the figure show that there are 
positive effects primarily within the first 50 h and in the in
terval from 205 to 305 h. In the final large interval from 470 
to 740 h, the effects are again slightly negative, as at the be
ginning of ECS2. Obviously, this can be understood as a re
sult of both missing (or rather weak) d-d reactions and the 
shadow effect. The ACRDs in Tables III and IV are obtained 
after correction for this effect. Within the time interval from 
205 to 305 h, both the uncorrected and corrected CRDs are 
higher than 4a ! 

The detailed time structure of the effects can be studied 
if the CRDs are averaged over successively increasing time in
tervals, as shown in Fig. 6. This figure confirms the conclu
sions concerning the most active phases of electrode AH I . 
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TABLE III 
Averaged Effect (Cell AHi) Minus Background* 
CRD for CHR2 for Different Time Intervals** 

Time Measured 
Interval CRD 

(h) (h-') 

0 to 45 1.7 ± 1.3 
45 to 200 0.4 ± 0.6 

205 to 305 6.0 ± 1.2 
305 to 470 0.5 ± 0.7 
470 to 740 -0.7 ± 1.6 

*For the empty position. 
**During ECS3. 

TABLE IV 

Corrected 
CRD 
(h-') 

3.7 ± 1.85 
2.4 ± 1.4 
8.0 ± 1.8 
2.5 ± 1.5 
1.3±2.1 

Averaged Effect (Cell AHi) Minus Background* 
CRD for CHR3 for Different Time Intervals** 

Time Measured 
Interval CRD 

(h) (h-1) 

0 to 45 2.2 ± 0.9 
45 to 205 0.2 ± 0.35 

205 to 305 3.5 ± 0.7 
305 to 470 0.3 ± 0.45 
470 to 740 -1.8 ± 1.3 

*For the empty position. 
**During ECS3. 

Corrected 
CRD 
(h-') 

3.5 ± 1.3 
1.5 ± 1.0 
4.8 ± 1.1 
1.6 ± 1.0 

-0.5 ± 1.6 

The active phase of AHi does not coincide with those for the 
massive cylinders Z l  and Z2, which were measured simulta
neously. 3 .4 It is also evident that the positive effects are not 
caused only by single data points, which might be wrong. For 

400 
TIME (h) 

600 800 

Fig. 4. Experimental background count rates for 1-h intervals in CHR3 and CHR4 during ECS3. 
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Fig. 5 .  Distribution of effect and background (empty position) 
count rates in CHR3 during ECS3 in comparison with Pois
son distributions (dotted curves) for different time intervals; 
the distributions relative to a x 2 minimum background line 
obtained from the corresponding uncorrected background 
data points are shown. 

the second half of ECS3, a declining activity in AHi is char
acteristic, giving an ACRD within the broad interval from 
480 to 760 h in CHR3 of - 1 .3 ± 1 .4 h - J  as mentioned in 
Ref. I .  

In Fig. 7, the ACRDs for different CHRs are compared. 
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The different behavior of CHR2 and CHR3 in comparison 
with CHR4 and CHR5 is evident. Only between 250 to 300 h 
does there seem to be a small but probably systematic effect 
in CHR5. However, it is too uncertain for any further phys
ical discussion. 

As explained in Ref. I ,  a very sensitive tool for recogni
tion of weak but long-term d-d fusion reactions is the ICRD, 
presented in Fig. 8 for the different CHRs of interest. The 
statistical uncertainty of this value decreases with increasing 
time and number of measurements. For both CHR4 and 
CHR5, the ICRD remained zero within I a. In both CHR2 
and CHR3, it was positive with a confidence level up to 2a 
over long time intervals. For 760 h > / > 470 h, where no es
sential effects were observed, the ICRD decreased. In Figs. 6, 
7, and 8, the corrected background levels are not shown. 

111.0. Comparisons with Other Cathodes 

It is of interest whether or not the positive experimental 
effects are observed simultaneously for different cathodes uti
lized in different cells during the same experimental cycle. If 
they occur simultaneously, i t  could be suspected that the or
igin of the effects lies in the same common external sources 
(e.g . ,  external sources of cosmic radiation) or in a wrong de
termination of the background level. 

Figure 9 compares count rates for CHR3 for slab AH I 
with those for the massive cylinder Z2 (which behavior is de
scribed in detail in Ref. 4), which started electrolytic loading 
at t == 50 h. Within the interval from 50 to 220 h, the excess 
count rate from AHi against Z2, which now is taken as the 
background level, is of the order of 3 h - 1

. This means that 
the cell with Z2 in front of the detector does not show effects; 
its effective count rate is even below that for the empty po
sition (and, in this case, the shadow effect for AHi is com
pensated by the background absorption in 22) . Remember 
that for the similar range shown in Fig. 5b, the excess count 
rate for AHi against background (the empty position) was al
most zero. Comparison with the numbers in Table IV leads 
to the conclusion that the correction introduced for the 
shadow effect is not overestimated but is quite realistic. This 
figure demonstrates again that in ECS3 cathode AHi is al
ready active almost from the beginning of the electrolysis, as 
it was already charged during ECS2. 

Figure 10 compares both electrodes within the final, very 
broad interval from 380 to 740 h. To check the reversibility 
of this procedure in the upper part, measurements for AH I 
are taken as the background, and in the lower part, the data 
for Z2 are taken as background, giving consistent results in 
both cases. This figure shows that cathode Z2 was still active 
for a long time after AH I had already finished its main ac
tivity. Further comparisons between Z2 and another massive 
cylinder (ZI) are presented in Ref. 4, supporting the conclu
sion that positive effects observed during the same experimen
tal cycle did not occur simultaneously in different samples . 
Therefore, the hypothesis that an external source of radiation 
stimulates the fusion reactions in the metal does not seem re
alistic. Also, a possibly false determination of the background 
level as the origin of the observed effects in this way can be 
excluded from further consideration. 

IV. MODEL FOR d-d FUSION REACTIONS IN A SLAB CATHODE 

In several papers, the occurrence of d-d fusion neu
trons in metals loaded with deuterium is considered as in a 
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Fig. 6. Average CRDs in CHR3 during ECS3. 

D2 molecular gas where deuterons are fixed together, form
ing definite d-d pairs. For this case, the d-d reaction rate 
Nd-d is a linear function of the density n0 , given by 

(2) 

where 

A V = volume of the cathode 

Ad-d = fusion rate per second and deuteron pair_ 9 

So far, most of the experiments either have not shown any 
positive effects at all or, if effects were observed, the result
ing fusion rates Ad-d obtained by Eq. (2) appeared unrealis
tically high. 

An alternative physical description of d-d fusion in con
densed matter can be provided within a plasmalike descrip
tion of this process. In this case, it is assumed that deuterons 
(or a part of them) can move through the metal lattice with 
velocity vd and cause collisions with many other deuterons 
located in the Oh sites of the lattice. The reaction rate in a 
d-d plasma is given by 
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(3 )  

where 

< vdad-d) (cm3 - s- 1 ) = product of velocity vd and reac
tion cross section ad-d averaged 
over the Maxwellian velocity dis
tribution (i.e., plasma reactiv i ty) 

n; = dimensionless density number 

N0 = n0A V = total number of deute
rons within A V  

>-.:!d (s- 1 ) = plasma fusion rate per deuteron in 
a flow of particles with unique 
density nb = 1 cm- 3 , moving with 
a Maxwellian velocity distribution. 

A striking difference between the two descriptions is that 
in the latter case, the reaction rate is proportional to nf> in
stead of n0 . Therefore, in the plasma, observable effects can 
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Fig. 7. Average CRDs during ECS3 in CHRs 2, 3, 4, and 5 .  

be  expected for much lower (by many orders of  magnitude!) 
fusion rates than in the case of a behavior seen in D2 mole
cules. 

Reference 2 presents a simple plasma model for d-d fu
sion processes in a cylindrical sample under nonequilibrium 
charging conditions. In this model, it was assumed that a part 
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Fig. 8. The ICRDs during ECS3 in CHRs 2, 3 ,  4, and 5 .  

K [ s ( t ) /s0] of all the deuterons i s  moving through the metal, 
causing collisions with other deuterons located in the lattice, 
which results in a rather small rate of d-d reactions: 

f{d-d = n{>d VK [ 
s

�:
) ] x:!d • (4) 
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surement. The upper part shows absolute count rates, the lower part the distribution relative to a x 2 minimum background line 
obtained from the 22 measurements. Dots represent the shape of corresponding Poisson distributions. 

where 
K = exp ( - ;�) = mobile part of deuterons in the 

metal 
s ( t ) ,  s0 = particle flow density through the surface after 

time t and at the beginning (t = 0) 
V0 = 0.2 eV = activation energy for the diffusion of 

deuterium in palladium 
kT = kinetic energy of particles in the plasma at tem

perature T 

k = Boltzmann constant. 
The average rate of d-d fusion processes depending on 

time for a cylindric sample was derived in Ref. 2. The corre
sponding expressions for average reaction rates (ARRs) and 
integrated reaction rates (IRRs) in a slab-shaped cathode can 
be formulated easily: The volume of the slab (see Fig. 1 1 ) is 
the product of surface area A (in centimetres squared) and 
thickness h (in centimetres): 

L\ V = Ah . (5) 

For simplicity, first assume a constant loading of the slab 
through the front and backward surfaces A by a particle flow 
density s0 (particles per square centimetre per second). In this 
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case, the average density of deuterons in the metal as a func
tion of time is 

I l
l

f 
2 

no ( t )  = - s0 dA dt = - s0 t , 
.::i V  O A h 

resulting in a reaction rate 
4As2 

f.ld-d = � l 2 K A:!d - t2 

(6) 

(7) 

As for a cylinder, a quadratic dependence of the ARR on 1 
can also be expected for the slab-shaped cathode at mod
erate loadings as a consequence of the plasmalike ansatz in 
Eq. (4). 

Following the arguments in Ref. 2, at a higher loading, 
a saturation effect can be expected, which is taken into ac
count by a time-dependent particle flow density: 

[ n0 ( t ) ] s ( t )  = So I - nr;ax < So , (8) 

where nr;ax is the maximum deuteron density achievable in 
the metal. 

Instead of the relationship in Eq. (6), the relation between 
s ( t )  and n0 ( t )  is now given by the differential equation 

dn0 ( t )  2 
� = " s u > (9> 

341 



Bittner et al. PRODUCTION OF DEUTERON-DEUTERON FUSION NEUTRONS 

U(AH1 )  

1 2  • 

9 .  

6 .  

3 .  z 
LU 

LU 
0 a: 

::::> 
1 2  

<( 
LU 

::!!: 
LL U(AH1 )  0 
a: 1 2 . 
LU 
CD 
::!!: 
::::> 

9 .  z 

6 .  

3 .  

0 

-30 

U(Z2l 

17 • 

1 2  • 

8 .  

4 . 
LU 

LU 
0 

1 4  
<( 
LU 

LL U(Z2) 
0 
a: 1 4  • 
LU 
CD 

z 1 0  • 

7 . 

3 .  

0 
-30 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

42 72 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

Z2  

1 7  • 

1 2  • 

1 4  

Z 2  

1 5 • 

1 1  • 

7 .  

3 .  

44 

, ... 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

74 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

0 ...,.._,_ ......................................... _ ... 

0 30 -28 

DISTRIBUTIONS OF COUNTING RATES 

RUN TIME 
INTERVAL � 

380 00 TO 740.00 h 

44 74 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

(a) 

AH1 

12 • 

9 .  

6 .  

3 .  

1 2  

AH1 

1 4 ·  

1 0 ·  

7 .  

3 .  

2 32 

RUN TIME 
INTERVAL = 

380.00 TO 740.00 h 

42 72 

RUN T IME 
INTERVAL = 

380.00 TO 740.00 h 

0 .....,..,.., ................... ._.. ...... .-... ..... __ _ 
0 30 -32 

DISTRIBUTIONS OF COUNTING RATES 

(b) 

-2  28 
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SLAB CYLINDER 

Fig. 11. Charging of palladium cathodes in slab and cylinder ge
ometry. 

and 

From Eqs. (8) and (9), the solutions 

no ( t )  = ngax [ 1 - exp ( - h
�;ax t) ] 

( 2so ) s( t )  = s0 exp - max t 
hn0 

(10) 

(11) 

are obtained. 
The reaction rate now becomes 

f.ld-d 
= ( n0ax )2Ah [1 - exp ( -t )  r exp ( - t) KA:!d , 

(12) 

with the loading time constant 
hn{fax 

fL = -- ( 1 3) 2s0 

Equation (13) again predicts a broad maximum of f.ld-d 

near t = tL, _i.e., at 630/o of the full loading of the electrode. 
The IRR (Nd-d> now amounts to 

(f.ld-d
) 
= ! f I f.ld-d dt 

do 

( max 2 h IL [ 1 
( 

l 
) [ ( l 

) = no ) A 
1 3 

- exp - � I - exp -� 

+ � exp ( - �J ] } KA:!d 

~ 1 [ i - exp( -x) [ I - exp( -x) + i exp ( -2x) ] J ,  
(14) 

with x = tltL . 
Neglecting boundary effects (i.e., particle flow through 

the outer surface) for cylindrical and slab-shaped electrodes 
having the same volume, the reaction rates are expected at the 
same level and with similar time dependence. However, there 
is a difference in the corresponding loading time constants: 

slab: 

( 1 3) 
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cylinder: 
dngax 

IL = -- ( ) 5) 
4s0 

where d is the diameter of the cylinder. 
Finally, the cumulative effect N{d( t ), i.e., the total 

number of reactions up to a given time t, reads 

N{d ( t )  = f f.l{d ( t )  

max 3 
Ah 2 

[ 
1 

[ 
= (n0 ) - - - exp( -x) 1 - exp (-x) 

2s0 3 

+ i exp( -2x) ] ]  KA:!d , ( 1 6a) 

and the total cumulative effect up to t = oo amounts to 
Ah 2 I Nd-d

( oo ) = (n max)3 _ _  KAP/ = _ (n max ) 2 A Vt AP/ r: 0 6so d- d 3 D '-" L K d-d 

(16b) 
The cumulative number of reaction events for cathodes of the 
same volume .i V is proportional to t L, giving a relation of 

cumulative effect slab 2h 
cumulative effect cylinder d (for .i V = conStant) ' 

(17) 
if it is assumed that s0 and n0°x are the same for both cases. 
If .i V is not constant, the corresponding relation amounts to 

cumulative effect slab 8 Ah 2 

cumulative effect cylinder 1r /d 3 ' 
where I is the length of the cylinder. 

V. MODEL PARAMETERS 

(18) 

For application, several parameters of the model must be 
fixed: n{f0x, s0 , and K .  

The part of mobile deuterons can be obtained easily by 
taking a typical activation energy of V0 = 0.2 eV (Ref. 8) and 
a temperature T = 320 K, resulting in K = 7.08 x 10-4 . 

The maximum loading of palladium is usually chosen 
to be PdDx, with x = 1 .0, resulting in n{f0x(x = I ) =  6 .8 x 
1022 cm -3

. However, the weighing of cathode AH I during 
the course of our experiment (see Table I) resulted in a some
what lower maximum content, corresponding only to x == 0.7. 

There might be two reasons for this difference: First , the 
outer surface of slab AHi is of the order of 320/o compared 
with surface area 2A through which the loading takes place. 
This might lead to permanent losses of some deuterium from 
the part of the volume near the border during the electroly
sis. Second, the characteristic diffusion time 7 0 == 280 h is 
not small in comparison with the duration of the experiment. 
Therefore, inside the volume .i V there remains a finite gra
dient of the density n0. For both reasons, we conclude that 
in the central area near surfaces A ,  the deuteron density is 
much closer to x = 1 than is deduced from weighing. There
fore, for model applications, the maximum density is fixed 
at ngax = 6.8 x 1022 cm-3, as for the cylindrical samples Z I  
and Z2 (Refs. 3 and 4). 

The magnitude of particle flow s0 can be fixed in three 
ways: 
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SLAB AH1 
ECS2 
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0 1 00 200 

TIME (h) 

Fig. 12. Charging cathode AH i with deuterium during ECS2; 
points are obtained from measured weights of deuterium 
content in AH I (see Table I). 

l. Comparing the weight measurements of the electrode 
with results from Eq. (10), the loading time constant IL that 
depends both on nf!J0x and s0 can be determined. Figure 12 
shows the function ln[l - n0 ( t )ln{!J0x ] versus time for ECS2, 
the slope of which corresponds to IL == 223 h. 

2. The second way is based on the position of the maxi
mum of the observed ACRD, which is expected to be -I == 
IL. This method was used successfully for the interpretation 
of results for cylindrical electrodes. 3 •

4 In the current case, 
this method is somewhat arbitrary, as the electrolysis was in
terrupted between ECS2 and ECS3, i .e., after 2 13 h. How-

� 

-c " z 
a: 
cc 
<( 

+400 

+200 

0 

-200 

SLAB AH1 ECS2 
.. H = 20 h 

ever, the observed behavior of the ACRD during ECS2 does 
not contradict the assumption that the maximum ACRD 
would have been reached at 220 to 230 h if the electrolysis 
would have been continued. 

3. The third way would be to calculate IL from Eq. (13) 
using the particle flow density s0 = 3. 12 x 10 16  cm-2 - s- 1 , 

corresponding to 5 mA • cm -2
, which was found useful for 

the interpretation of 21 and 22 (Refs. 3 and 4). This gener
ates tL == 215 h, which is somewhat less, but this might be the 
result of neglecting the particles lost through the border sur
faces during electrolysis. 

Therefore, we take tL = 223 h for the theoretical analyses. 

VI. DISCUSSION 

In Refs. 3 and 4, it was shown that the d-d fusion reac
tion in the massive cylinders 2 1  and 22 is reasonably de
scribed by the plasmalike model. 2 It is also of interest if the 
behavior of slab AH l can be interpreted in terms of this 
model. 

Figure 13 presents the experimental ARRs for CHR3 in 
ECS2 and !::.I = 20 h (compare Fig. 2), taking into account 
both the detector efficiency and the shadow effect . They are 
compared with the calculations using Eqs. (7) and (12) and 
the parameters selected as described in Sec. V, adjusting the 
absolute height of the theoretical curves to the experiment. 
The absolute adjustment is given with f.ld- d( t ) /12 = (l.6 ± 
0.2) X 10-2 h-3 and f.ld-d ( t  = ti ) = 300 ± 30 h- 1 for Eqs. (7) 

and (12), respectively. From Fig. 12, it is evident that Eq. (7) 
deviates considerably from the experiment for t > 120 h. 
Compared to this, Eq. ( 12) fits the experiment much better
the calculated curve crosses all the la error bars except one. 
From the absolute adjustment of Eq. (12), a d-d fusion rate of 

(A:!d ); = (1.03 ± 0.10) x 10 -44 s- 1 

-·- MODEL CURVE OF EQ. (7) ADJUSTED TO THE DATA NEAR t = 1 00 h 

0 

--- MODEL CURVE OF EO. ( 1 2) ADJUSTED TO THE DATA NEAR THE END 
OF ECS2 AT t = tl 

40 80 1 20 
TIME (h) 

1 60 200 

Fig. 1 3. Average reaction rate f.ld-d for CHR3 during ECS2; a histogram shows experimental data averaged over 20 h. In this presen
tation, both the corrected background level and the neutron registration efficiency are taken into account. 
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is obtained. Using the adjustment of Eq. (7) ,  the plasma fu
sion rate amounts to 

CJ\;!dt = (0.67 ± 0.08) x 1 0 -44 s- 1 . 
There is less confidence in this value, however, than in the 
first one: (11.;!d )

ii could be closer to (11.;!d )
i if, in the starting 

phase, the model curve of Eq. (7) would be adjusted higher, 
i .e. , closer to the model curve in Eq. ( 12) .  In this case, how
ever, the discrepancies between Eq. (7) and the experiment 
would become much larger near the end of ECS2. It can be 
concluded that Eq. (7) is useful as a crude estimate only at 
very low loadings where x :5 0.3.  

Another comparison can be provided for the IRRs as 
given by Eq . ( 14). The experimental IRRs obtained from 
ICRDs (see Fig. 3), taking into account both the detector ef
ficiency and the shadow effect, are shown in Fig. 14 in com
parison with the model calculation. Both agree well within 
the I a uncertainty corridor. From the absolute calibration, 
(Nd- d( t  = ti )) = 1 85 ± 15 h- 1 by comparing with Eq. ( 1 4) ,  
the plasma fusion rate 

( 11.;!d )iii = ( I . I I ± 0.09) X 1 0 -44 s - 1 

is derived in agreement with the results for (11.;!d )i . Combin
ing these two results for (>-.;!d )

i and (>-.;!d )
iii

, we get the fol
lowing plasma fusion rate for slab AH I in ECS2: 

( A;!d)ECS2 = ( 1 .07 ± 0.09) X 1 0 -44 S- 1 

The interpretation of results for ECS3 within the plasma 
model is more difficult, as slab AHi was already partially 
charged before the beginning of the measurements .  During 
the interruption between ECS2 and ECS3, the deuterium den
sity distribution within the metal changed by partial outgas
sing and diffusion compared to the distribution by the end of 
ECS2. Finally, the conditions at the surface of the cathode 
might also have been changed slightly during the interruption 
because the electrode was out of the electrolyte part of the 
time. 

SLAB AH1 ECS2 

The comparison with the model curve given by Eq . ( 1 2) 
as shown in Fig. 1 5  does not give satisfactory agreement 
either for IL = 223 h or for tL = 350 h; the latter loading 
time constant was used successfully for cylinders Z l  and Z2 
(Refs. 3 and 4) . However, a better agreement is obtained if 
ECS2 and ECS3 are combined, as shown in Fig. 16. In this 
presentation, the time scale for ECS3 starts immediately af
ter the end of ECS2, and the interruption of electrolytic cur
rent is omitted. In this case, most of the data points within 
the l a  error bars agree with the theoretical curve by Eq. ( 12) 
using t L = 223 h. In particular, the activities of slab AH I in 
the starting phase of ECS3 are reproduced . However, there 
is a peak near 1(3 ) "" 300 h that cannot be reproduced within 
the model used. It is uncertain whether this could be inter
preted as the result of a different mechanism for the d-d re
actions. [When the electrode was taken out of the cell for 
weighing after !(3) =:: 470 h, it showed deep cracks, and at the 
end of ECS3, the thickness of cathode AHi was increased up 
to 0.84 cm!]  In comparison with Fig. 1 3 ,  the curve following 
Eq. ( 1 2) was adjusted somewhat lower, giving a d-d fusion 
rate of 

( A;!d)4i = (0.8 ± 0.2) X 10-44 S - I  

It should be stressed, however, that a combined treatment 
of the ECS2 and ECS3 measurements within the model using 
a unique time scale is somewhat arbitrary. 

A reasonable average over the different values obtained 
for ECS2 and ECS3 [excepting (>-.;!d )ii ] is 

>-.;!d = ( 1 .0 ± 0 . 15)  X 10-44 S- I 

There are two possibilities for the determination of the cumu
lative number of d-d reactions: 

I .  This value can be determined directly from the exper
iment by summing up the ARRs for f:..t = 40-h intervals 
shown in Fig. 16 for ECS2 and ECS3 . This procedure re
sults in 
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Fig. 15. Average reaction rate Jild·d for CHR3 during ECS3; model predictions following Eq. (12) are presented. 
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Fig. 16. Average reaction rate Jild-d for CHR3; the time scales for ECS2 [indicated as tmJ and for ECS3 [indicated as tmJ are combined 
to a common time scale. 

d-d reaction events in >960 h of electrolysis; this is equiva
lent to 4.3t L .  

346 

2. Using the just-determined >..:!d (by adjustment to the 
experiment near t = ti) along with Eq. ( 16b), a theoretical 
number 
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can be derived. The latter is somewhat higher than the first 
one, as in the second half of ECS3 the experimental reaction 
rates decrease faster than the model curve (cf. Fig. 16). Hav
ing in mind that our model is very crude, the agreement be
tween these two numbers is still considered satisfactory

. In Refs. 3 and 4 for cylinders Z l  and Z2 (with masses of 
93.5 and 92

. 

7 g, with d = 2.3 l and 2.26 cm, with I =  l .93 and 
2 .02 cm, respectively), experimental cumulative numbers of 
d-d reactions of (6.26 ± 1 .06) x 1 04 and (5

.

3 ± 0.6) x 1 04 

were obtained, respectively. The ratio between these numbers 
results in AH I /Z l  = ( 1 .30 ± 0.25) and AHI /Z2 = ( 1 .57 ± 
0. 19)

. 

These ratios must be compared with predictions of 
Eq. ( 1 8), resulting in 1 .08 and l . l  l ,  respectively. Again, this 
is a reasonable agreement, especially if it is taken into account 
that the experimental cumulative numbers for Z l  and Z2 
correspond to an integration time of t �  2 tL only. The mea
surements with slab AHi during ECS3 also give the possibil
ity of a sensitive estimate of the d-d molecular fusion rate 
Ad- d as determined by Eq. (2): After a long loading time 
(several units of td, a rather small reaction rate is predicted 
by the plasma model. This is in agreement with the experi
ment. For i1.t = 480 to 760, the ACRD in CHR3 is - 1 .4 ± 1

.

0 
h - 1 • Taking into account the detector efficiency and the 
shadow effect, this results in a d-d reaction rate of Nd- d = 
0 ± 33 s _ , .  For CHR2, in analogy to this, the resulting d-d 
reaction rate is within the limits Nd-d = 0 ± 20 s- 1 . This 
gives the possibility of determining the upper limits of the 
d-d molecular fusion rate in the massive, fully loaded cath
ode using Eq. (2). The upper limit of Ad-d , resulting only 
from the l a  error bars, is therefore 

Ad- d < l . l  x 10-26 s- 1 . 
The resulting upper limits of specific reaction rates are given 
by <3 .20 x 10-5 g- 1 - s - 1 or <3 .26 x 10-4 cm -3 • s - 1 of the 
palladium cathode. These numbers are not in contradiction 
but are even lower than the upper limits given in several ex
periments searching for d-d fusion in condensed matter. 10• 1 1  

As discussed in Ref. l ,  these upper limits also set strong limits 
for the possible influence of cosmic rays on the production 
of neutrons in the fully loaded palladium metal. From the 
fact that no stationary d-d fusion rate was observed from a 
fully loaded massive slab for 280 h, it can be concluded that 
it might lead to physically false conclusions if positive effects 
observed temporarily are interpreted in the framework of a 
D2 molecular picture. Therefore, any physical interpretation 
of positive effects observed in terms of Eq. (2) is omitted. 

VII. CONCLUSION 

The experiment with a compact palladium slab over 
>900 h using a sensitive fast neutron spectrometer shows very 
weak but definite signals of neutrons that most likely result 
from d-d reactions. However, these effects become observ
able experimentally only after >90 h of loading because of 
the large loading time constant tL of the thick slab used in 
this experiment. 

After -700 h of loading for a long observation time, the 
sample shows a negligible d-d reaction effect, even less than 
the shadow effect caused by the cell itself. 

This allows an upper limit to be set for the D2 molecular 
fusion rate Ad-d per deuteron pair per second in a fully 
loaded sample under stationary conditions, which is given by 
Ad-d < 10-26 s - 1 • This is in agreement with numerous exper
iments that look for d-d neutrons from metallic samples 
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loaded with deuterium, e

.

g . ,  in Refs. 10 and 1 1 .  As men
tioned in Ref. l ,  this also provides an upper limit for cosmic 
muon-induced d-d reactions under stationary conditions: Ev
ery cosmic muon stopped in the palladium sample definitely 
produces fewer than four d-d neutrons. (Even two neutrons 
per stopped muon would still have been detected

.

) 
In between, slab AHi during ECS2 shows definite in

creasing effects up to the end of this cycle, which are contin
ued during the first half of ECS3 that follows. 

The maximum effect counting rate in CHR3 for single 
measurements is of the order of 20 ± 5 h _ , ,  corresponding 
to a d-d reaction rate of 660 ± 165 h - 1 . From our measure
ments it cannot be concluded whether or not count rates 
would be higher for shorter intervals

. 

However, if averaging 
takes place for larger intervals, the maximum count rates de
crease, as shown in Figs. 2 and 6. This is because the effects 
observed fluctuate strongly. After averaging over broad time 
intervals, however, they show a typical time structure com
parable to the predictions of a crude plasmalike model. This 
model predicts a maximum d-d reaction rate under nonequi
librium conditions of charging the cathode with deuterons 
near t = tL . 

Adjusting the model curve to the absolute height of ob
served average effects ,  one gets the plasma fusion rate 

x_;!d = ( l .0 ± 0

.

1 5 )  X 10-44 S - I  , 

which is in agreement with the results obtained for cylindri
cal samples Z l  and Z2 (Refs. 3 and 4). 

This plasma fusion rate x.;!d must be directly compared 
with calculations of the reactivity ( vdad-d) in a plasma (see, 
e.g

.

, recent papers by Hora et al . ,  12 Scalia, 13 and Rice et 
al . 14) .  In doing this, however, it must be taken into account 
that in the solid state, only a part of the deuterons are freely 
movable and that not only a physically founded nonequlibrium 
velocity distribution but also the effects of electron screening 
and fluctuation enhancement must be taken into account. 
Corresponding analyses are needed to get a deeper insight 
into the physical nature of the plasma fusion rate x.;!d ob
tained here, which might show quite specific and complicated 
features. 
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