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Summary 

It has been demonstrated that intense sub-micro- 
second bursts of energetic electrons cause significant 
pulverization and surface spalling of a variety of rock 
types. The spa11 debris generally consists of sand, 
dust, and small flakes. If carried out at rapid repeti- 
tion rate this can lead to a promising technique for 
increasing the speed and reducing the cost of under- 
ground excavation of tunnels, mines, and storage spaces. 
The conceptual design features of a Pulsed Electron 
Tunnel Excavator capable of tunneling approximately ten 
times faster than conventional drill/blast methods is 
presented. 

Introduction 

There is a national need for more rapid and econom- 
ical methods of tunneling for undergrounding of power 
plants, energy storage facilities (compressed air, hydro, 
fuel, thermal, etc.), transmission lines, 300 mph inter- 
city trains, urban transit, factories and warehouses. 
The surface environment can be greatly improved as a 
result. For soil and soft rock, mechanical moles have 
already speeded up tunneling rates significantly. How- 
ever, for hard rock, drill/blast methods are slow, with 
advance rates seldom exceeding 2.5-3.0 m (8-10 ft.) per 
8-hour shift. Thus, there remains a need for great im- 
provement in hard rock tunneling rates, 

Rock Spalling by Pulsed Electron Beams 

The successful spalling of granite, basalt, green- 
stone and other rocks using single high-current high- 
voltage (l-4 MV) electron pulses of lpss 
ation have been reported previously!' 

than 1 ~.ls dur- 
More recently, 

spalling also has been successfully demonstrated3 in 
experiments using the - 9 MV Hermes II accelerator at 
Sandia-Albuquerque which delivered 64 kJ per shot to 
each rock sample. The resulting spa11 and debris for 
several single-pulse shots are shown in Fig. 1. The 
spalls were 7-15 mm deep by 120-130 mm diameter with 
volume removed (neglecting any corners knocked off) of 
51-82 cm3. This corresponds to specific energies 
(energydeposited/volune removed) of 0.78 to 1.25 kJ/cm3. 

Generally, the depth of the spa11 is found to vary 
roughly as the voltage of the electrons, and the volume 
of the spa11 roughly as the energy content (joules) of 
the beam pulse. Hard rocks spa11 almost as readily as 
soft rocks. Generally, wet rocks spalled somewhat more 
than dry rocks. The fracture mechanisms occurring on 
this ery short time-scale are becominq better under- 

Y4 stood ' and are primarily due to tension induced by 
stresswaves caused by thermonechanical expansion pres- 
sures, supplemented in the case of wet rocks by ther- 
mally-induced pressure within the interstitial water. 
Experimental results have been related successfully to 
the brief times required for initiation and propagation 
of cracks in rocks. 

* Work supported by the liational Science Foundation 
under the auspices of the US Energy Research and 
Development Adsinistration. 

Sandstone,sc = 6 ksi 

Granite, sc = 26 ksi 

ksi 

Fig. 1. Rocks each bombarded with single 64 kJ pulse, 
including spa11 debris. 
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Specific Energy for a Useful Excavating Accelerator 

The forefoing experiments were carried out at 
existing available accelerators under a limited range of 
operating conditions. In particular, the radial distri- 
bution of beam intensity typically was sharply peaked in 
the center with relativelv laroe tails; also all experi- 
ments were carried out on-a si;gle-shot basis. A more 
uniform current distribution could require as little as 
one-third as much specific energy. Further, if rapid- 
fire operation were used, there is reason to believe 
that larger volume of spalls would result because of 
heating and/or incipient cracking produced by preceding 
pulses. Thus, for a rapid repetition-rate accelerator 
designed specially for excavation, it is reasonable to 
expect lower specific energies (perhaps 100-400 J/cm3 
or less) than the -1.0 kJ/&3 reported above. For de- 
sign purposes, a value of 250 J/cm3 is assumed. In 
arriving at the required accelerator output, a 25% allow- 
ance is added to the foregoing value to compensate for 
losses in windows and in the air, and for albedo, x-ray 
production, etc. 

Example Pulsed Electron Tunnel Excavator 

This paper concentrates on an example accelerator 
with 9 MW average beam power, which would thus be capa- 
ble of removinq 104 rn3 (136 cu. vds,) of rock per hour, 
or in other words advance a 6.4 m (21 ft.) dianeter 
tunnel at a rate of 3.2 m (10.6 ft) per hour. This is 
about an order-of-magnitude greater advance rate than 
by present-day drill/blast techniques. 

In order to assess the possibilities of this tech- 
nique for rapid tunneling, the conceptual design of a 
Pulsed Electron Tunnel Excavator has been oreoared.5p6 
Several features of this excavator are shown ?n Figures 
2 through 6. Note that the accelerator proper is just 
one element -- though a large one -- in the overall de- 
sign, which also integrates provisions for major con- 
struction functions such as tunnel lining, muck removal 
arid ventilation on a continuous basis. Access is avail- 
able to handle unusual circumstances which might be en- 
countered. 

A linear induction accelerator 7,839 producing 
electron pulses (5 MV. 5 kA. 1.0 us = 25 kJ) at a 360 Hz 
rate has been selected for this example, thus providing 
the required average electron beam power output of 9 MW. 
All of the beam parameters proposed have been met or 
exceeded in existing electron-beam machines, but not 
simultaneously. Extension of accelerator performance 
to these parameters would require development of some 
components but appears to be well within the state-of- 
the art. 

The accelerator will consist of 64 accelerating 
modules each producing DO kV pulsed voltage. A module 
may be thought of as a pulse transformer in which the 
transformer cores are driven by a pulse-forming network 
connected to the primary windings and in which the 
electron beam constitutes the secondary circuit. 

The electron beam pulses will be scanned by a 
combination of !slow) mechanical and [fast) masnetic 
means across the rock at the tunnel face in a prescribed 
pattern. The requirements for the scanning system are 
severr rl\ it mr,t transmit 9 MW of electron beam. from 
high vacuum to air, must scan in a reasonably precise 
manner, and must survive for long time-periods in the 
hostile tunnel environment without being damaged by 
either the spa11 debris or the electron beam. Several 
prorising approaches are under consideration. One 

consists Of passing the eb 
ectrons through a directly 

water-cooled foil window for high-vacuum isolation 

followed by a modestly-evacuated mechanically-moved 
snout at the end of which is a moveable foil window 
(located about 10 cm from the rock face). Other possi- 
bilities include such schemes as 1) a series of beam 
apertures which provide vacuum grading, 2) rotating beam 
apertures which are open only momentarily, when the beam 
is pulsed 3) a hundred or so individual windows with 
electromagnetic scanning, or 4) a water film flowing on 
the outside of a window. further study of the scanning 
system is needed, but it appears that some one or com- 
bination of methods will prove suitable. 

The spa11 debris is mostly sand, dust, and small 
flakes, but larger pieces may be produced also. The 
bulk of the debris will be picked up pneumatically at 
the face and then placed in an hydraulic slurry pipeline 
for transport to the tunnel entrance. Slurry fransport 
is a fast, continuous and economical technique for 
transporting large volumes of muck. Large pieces will 
be coped with by a conveyor at the face and then crushed 
and slurry-transported. A belt conveyor and muck cars 
are shown also, but they may not be needed. 

Tunnel support and lining will be provided by par- 
tial tunnel shield (surrounding the scanner) followed 
immediately by casting of the final concrete lining 
using either slipforrn or extrusion means. Concrete 
supplies will be transported to the face by pipe or con- 
veyor. Alternatively, pre-cast concrete segments or 
structural steel sets could be placed instead, but they 
would require interruption of accelerator operation 
during their installation. 

The accelerator will produce intense x-rays during 
operation. The operating crew will be fully protected 
by a shielding system of concrete, water and safety 
doors built into one unit of the excavator. The sev- 
eral meters of rock cover which is (by definition) over 
the tunnel protects the general public. Recent irrad- 
iations of rock samples at Berkeley show that there is 
no induced radioactivity; thus when the machine is turn- 
ed off, the crew can approach the tunnel-face immediate- 
ly. 

Ozone will be produced when the electron beam pass- 
es through air to reach the rock face. Pneumatic suction 
at the face followed by the negative-pressure exhaust 
ventilation duct will transport the ozone to the tunnel 
entrance where it will be diluted with air or chemically 
treated. 

Conclusion 

Sub-microsecond intense pulses of electrons are 
highly effective in spalling rock. Supplied at a rate 
of hundreds of times per second, they provide a tech- 
nique that could lead to a Pulsed Electron Tunnel Exca- 
vator capable of converting hard-rock tunneling from a 
batch process into a rapid continuous process with 
possibly a ten-fold increase in advance rates compared 
to the conventional drill/blast method. Further study 
and development of components followed by construction 
of pilot and demonstration excavators are needed to 
prove the economic practicality of such an approach. 
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Fig. 2. Conceptual example of a pulsed electron tunnel 
excavator 

Fig. 3. Electrical block diagram. 
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Fig. 4. Cross-section through accelerating unit of 
pulsed electron tunnel excavator. Fig. 5. Schematic of one of the 64 accelerating 

modules, 
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