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Cluster-Impact Fusion
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(Received 9 June 1989)

Deuteron-deuteron fusion, detected via the 3-MeV protons produced, is shown to occur when singly
charged clusters of 25 to 1300 D20 molecules, accelerated to 200 to 325 keV, impinge on TiD targets.
The energy and cluster-size dependence of the fusion rate are discussed. The fusion events are shown to
originate from the cluster-ion impacts rather than from D+ or D20+ ions in the beam. The observed
rates may be correlated with the compressions and high energy densities created in collision spikes by
cluster-ion impacts.

PACS numbers: 79.20.Rf, 25.45.—z, 47.40.Nm, 52.50.Lp

The impact of accelerated cluster ions on solid sur-
faces has been shown to produce very high transient par-
ticle and energy densities. ' The experiments reported in
this Letter show that singly charged, heavy-water cluster
ions containing between 25 and 1300 D20 molecules and
accelerated to energies up to 325 keV can, on impact
with titanium deuteride targets, generate thermonuclear
D-D fusion reactions.

The apparatus used for the experiments is shown
schematically in Fig. 1. The ion source and the tech-
niques for mass analysis and for acceleration of water
cluster ions have previously been described in detail.
Water molecule ions in helium carrier gas were generat-
ed in a corona discharge. The weakly ionized gas mix-
ture was expanded through a nozzle and skimmer into a
high-vacuum system. As discussed previously, 3 a com-
bination of mass analysis and careful determination of
secondary-electron yields produced by impact of cluster
ions on a target suffices to determine the m/e ratios of
the ions and to count the number and kind of atoms in
the cluster.

The cluster ions prepared by these techniques were

subjected to quadrupole mass analysis and electrostatic
focusing before introduction into a Cockroft-Walton ac-
celerator approximately 1 m long. After acceleration,
ions passed through an aperture into a vacuum chamber
containing a TiD target of about 1-cm surface area at
-45 to the beam axis and approximately 1.5 cm from
a 300-mm Ortec "ruggedized" silicon solid-state detec-
tor. The active surface of the detector was covered with
a 50-pg/cm layer of aluminum.

The cluster beam current was monitored by measure-
ment of secondary electrons ejected from the TiD target
(i.e., measurement of apparent positive-ion current to the
target). Cluster-ion intensity measurements are subject
to error when a small fraction of the ions make grazing
collisions with the edges of the column exit aperture.
Such collisions produce low-mass fragments [e.g., 300-
eV deuterons from 300-keV (D20) ~00 clusters] that can
eject secondary electrons from the target but do not have
enough energy to produce D-D reactions. Careful atten-
tion to optimization of secondary-electron distributions is

required to ensure proper beam focusing, particularly
when the beam energy is varied. Relative values of pri-
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FIG. 1. Schematic diagram of the apparatus. A mixture of D20 and He gas is ionized in a corona discharge in the ion source and
expanded through a supersonic nozzle into a differentially pumped region between nozzle and skimmer. Cluster ions pass through
the skimmer, are extracted with 10-50 eV by the draw-out lens, and mass analyzed in the quadrupole mass spectrometer using a
low-frequency (—292 kHz) power supply. The mass-analyzed ions are focused and then accelerated in a Cockroft-Walton column.
Ions traverse an —1-cm aperture and impact on a TiD target attached to a Keithly picoammeter. A silicon solid-state detector —1

cm from the target is used to measure protons, tritons, and x rays produced by cluster impact on the TiD target.
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mary beam intensities were calculated from the mea-
sured yields of secondary electrons, using data obtained
previously. Cluster beam intensities were in the range
of 10 -10 A.

The primary signature of D-D fusion used in this ex-
periment was the detection of 3.0-MeV protons from the
reaction H+ H~ 'H+ H which is exoergic by 4.0
MeV. A typical spectrum obtained with a silicon detec-
tor near a TiD target bombarded with (D20)„+ ions is
shown in the top half of Fig. 2. [The ions are presum-
ably (D20)„D+ but our mass resolution is insufficient to
establish this point. For simplicity we refer to the cluster
ions as (D20)„or (D20)„+.] The detector was calibrat-
ed with a particles from 'Am (5.48 MeV) and ' Gd
(3.18 MeV). The detector output data were digitized,
and converted to light pulses in the high-voltage termi-
nal. The light pulses were transported on fiber-optic
cables to ground potential. The maximum data rate of
this system was —10 /s. Considerable summing of
pulses or pulse pileup of x rays was noted and is shown in
the first 80 channels of the Tracor-Northern multi-
channel-analyzer display presented in Fig. 2. Just
beyond the tail of these pileup pulses, in channels
90-140, is a broad peak, presumably due to 1-MeV tri-
tons. The He ions expected from the reaction H+ H
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He+n, degraded to about 0.75 MeV by the Al layer
on the detector, are not observed. They may be obscured
by the x-ray background. The broadening of the peaks
presumably arises from the ions passing through the Al
layer on the detector at various angles. Confirmation of
the assignments of the 'H and H peaks was obtained by
insertion of a 4.8-mg/cm Al absorber between target
and detector. The spectrum so obtained is shown in the
lower part of Fig. 2, with the proton peak shifted down

by 0.3 MeV and the H peak shifted into the x-ray back-
ground, as expected for that absorber thickness. Many
spectra like those in Fig. 2 were taken, with different
cluster sizes and accelerating voltages. Counting rates
were low but the signals were well above any background
noise as long as acceleration column voltages were main-
tained at less than 325 kV.

No 3-MeV protons were observed when the D20 clus-
ters were replaced by H20 clusters, nor when D20 clus-
ters were incident on hydrogen-loaded rather than deu-
terium-loaded titanium.

Figure 3 shows the dependence of the reaction rate on
cluster size at a given accelerating voltage (300 kV in
this case). In the range of 100-500 D20's per cluster
there is a broad maximum in the reaction rate, with
falloff toward both smaller and larger clusters; at the ex-
tremes investigated, (D20)2s and (D20)13QQ the rate
was about 5 and 10 times smaller, respectively, than at
the maximum. Taking the detector geometry into ac-
count, the fusion rates for 100-500 D20 clusters at 300
keV are —0.05 s ' per cluster nA.

The energy dependence of the reaction rate is shown
for (D20)iM clusters in Fig. 4. The rate is seen to in-
crease by about an order of magnitude between 225 and
300 keV.

Both the cluster-size dependence and the energy
dependence are strong arguments for fusion indeed being
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FIG. 2. Evidence for fusion is presented (in the upper
figure) through observation of peaks at —3 and —I MeV cor-
responding to D-D fusion products. When a 4.8-mg/cm~ Al
absorber is placed between the TiD target and the solid-state
detector, the triton peak is shifted (lower figure) into the x-ray
background and the proton peak is shifted down by —300 keV.
The energy scale is calibrated with a value of 8 keV/channel.
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FIG. 3. Dependence of proton yield on cluster size at 300-
kV accelerating potential. The ordinate scale is proton counts
per 1000 s per nA of cluster current.
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FIG. 4. Preliminary study of the energy dependence of the
observed D-D reaction using clusters containing 150 DzO mol-
ecules. The ordinate scale is protons per 1000 s per nA of clus-
ter current.
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caused by impact of cluster ions, rather than by small-
ion contaminants in the beam. The observed energy
dependence between 200 and 300 keV is very much
steeper than that for deuterons over this energy range, so
that deuterons originating in the source cannot be re-
sponsible for the observed fusions. If D20+ ions pro-
duced by collision-induced dissociation of clusters or by
ionization of background water vapor in the Bight path
were responsible for the fusion events, the decrease in
rate with increasing cluster size would be hard to ration-
alize; with increasing cluster size more water is intro-
duced in the vacuum system and collision-induced disso-
ciation increases.

Only ions carefully focused prior to acceleration will
traverse the aperture at the end of the column and enter
the target chamber. Consequently, products of electron
impact (from backstreaming electrons) on residual gas
in the column or collision-induced dissociation of cluster
ions in the column are not expected to be transmitted
through the exit aperture with any appreciable efficiency.
However, products of electron-impact ionization of resid-
ual gases or collision-induced dissociation of clusters be-
tween the exit of the quadrupole and the focusing lens
stack can be collected in the target chamber with the full
acceleration of the column. These species may operate
as beam contaminants and produce fusion reactions.

Definitive evidence for the conclusion that the fusion
events are produced by cluster-ion impacts was provided
by experiments in which a silicon surface-barrier detec-
tor was placed directly in the ion beam. To limit the
direct impacts on the detector, the beam was attenuated
by a factor of 65 by means of a 0.027-in. aperture in a
beam stop placed in front of the detector. With cluster

beams containing 130 D20 molecules per cluster and ac-
celerated to various energies between 250 and 325 keV,
no peak at or near the full beam energy was found, thus
excluding the possibility of full-energy D+ ions hitting
the target. The Al film on the silicon detector is thick
enough to prevent (D20)~30 clusters from depositing
most of their energy in the detector. On impact, such
clusters would presumably break up into their constitu-
ents, none of which would have sufficient energy to
penetrate the Al layer. If D2O+ (or OD+) ions are
present in the beam, they too will break up on impact;
tabulated electronic stopping powers for 0 and D ions
indicate that the energy deposition after passage through
50 pg/cm Al should be at least 150 keV below the full
beam energy. The contribution of nuclear stopping
makes the expected energy deficit even slightly greater.
No such peak was observed; instead, a small peak always
appeared approximately 100 keV below full beam ener-
gy. This is consistent with the energy loss expected for
fully accelerated He+ ions in the Al layer, and He+
might indeed be expected in the beam from the He car-
rier gas. When Ne was substituted for He as carrier gas,
the peak 100 keV below the full beam energy disap-
peared. Instead, a small peak now appeared at the ex-
pected position of D20+ (masked in the He experiments
in the valley between the x-ray and He peaks). From its
magnitude, the ratio of beam intensities in this auxiliary
experiment and the main experiment, the geometrical
efficiencies, and the known cross sections for deuteron-
induced fusion, it was determined that no more than
0.3% of the observed fusion events at 300 kV accelerat-
ing voltage are attributable to D20+ impacts.

We conclude that the observed fusion reactions are
primarily produced by impact of accelerated cluster ions
on the TiD target. Estimates of reaction rates require
assumptions on the size of the target volume element
heated and compressed by cluster impact. If we assume
that only the top ten layers of target atoms are heated
and compressed to an extent sufficient for fusion to
occur, a crude estimate of 1000 is obtained for the num-
ber of D atoms in the critical volume, when a spherical
(D20)ioo cluster accelerated to 300 keV impinges on a
TiD lattice (face-centered cubic lattice with unit cell di-
mension 4.48 A.). We correct the measured yield of
-0.005 s ' per nA of (D20)~00 for the limited accep-
tance of the detector. The corrected yield of —0.0S s
per nA of (D20) ioo cluster ions corresponds to approxi-
mately 10 ' events/deuteron. With a confinement time
taken to be —10 ' s, the yield is roughly 10 ' s ', an
extraordinarily high value. The fusion rate in cm s
is given by R g tv. g is the deuteron number density,
F7 is the cross section, and v is the deuteron velocity aver-
aged over the velocity distribution in the collision spike.—31 28/E'a is given by cr(E) S(E)/Ee ' ~, where E is in
keV and S(E) (Ref. 7) is derived from independent data
on higher-energy D-D reactions. By assuming no
compression occurs the experimental results lead to a
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value of cr more than 10 orders of magnitude larger than
that computed for 300-eV D impacts using the standard
value of S(E) 55&10 cm keV.

We have no detailed model for the complex processes
taking place in our experiment. We note that the rate
equation above indicates the need to consider both
compression and heating in these fusion reactions. This
would help somewhat to explain the results with light-
water clusters mentioned above and the steep energy
dependence of yield in Fig. 4. However, the magnitude
of the calculated rate is not easily explained by the
number-density term above in the rate equations. We
can only speculate on the conjecture that motivated the
initiation of these experiments. We assumed that theo-
retical results on the effect of compression on rates of
fusion of diatomic oscillators ' were relevant to what
might be observed with a polyatomic oscillator system in
an inertially confined collision spike.

The compression of dense matter by shock waves is
known to operate as a one-dimensional strain, with
changes in internuclear distances in the shocked materi-
al, initially, almost exclusively along the direction of the
shock. ' The resulting decreases in internuclear distance
along the shock axis can be expected to scale roughly
with the reciprocal of density changes rather than with
the reciprocals of their cube roots.

Pressures exerted by (D20)ipp cluster ions with 300
keV initial kinetic energy impacting on an area of
—10 ' cm can be very roughly estimated from stop-
ping-power energy losses. If we take 100 eV for the en-

ergy loss per water molecule in the top atomic layer of
TiD, the deceleration of the (D20) &pp projectile travers-
ing that layer as a one-dimensional disk is estimated to
produce a pressure of about 80 Mbar. Calculations of
densities of deuterium compressed in much weaker
shocks by pressures an order of magnitude less than 80
Mbar give values of about 0.8 g/cm, " -5 times the
density of liquid D2 under normal pressure. The tran-
sient compression and heating associated with impact of
300-keV (D20)|pp clusters suggested the possibility of

the generation of conditions that would provide very
large increases in fusion rates.

The experiments reported here provide a novel ap-
proach to the study of fusion reactions in dense assem-
blies of reactant atoms. The high fusion rates and the
sensitivity to projectile energy suggest the possibility of a
possible new path to fusion power.
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