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A B S T R A C T   

A new gas gun configuration has been developed at the Centre for Astrophysics and Planetary Science, University 
of Kent, to produce vertical impacts at up to 2 km s− 1. The vertical arrangement allows impact into non-cohesive 
target materials such as sand (representing loose regolith on the surface of solar system bodies) and water. Three 
key constraints had to be met: (1) the vertical gun had to fit in a laboratory with a ceiling of 3.5 m height, (2) the 
gun had to operate without a chemical propellant (i.e. gunpowder) and (3) it had to fire into the same target 
chamber as the existing horizontal Kent gun. In addition, the use of standard pipeline elements was adopted. The 
result was a self-compressing right angle shaped gun design, with single and two-stage variants for low and high 
speeds respectively. The gun assembly and its operation are described, together with ancillary components. The 
self-compressing first stage of the gun (using pressure generated by boiling liquid nitrogen) is horizontal leading 
into a vertical second stage. The gun has performed as expected, with shots in the speed range 0.3 to 2 km s− 1. 
Results from the first study using the gun are presented for impacts of 1 mm diameter stainless steel spheres into 
sand over the full speed range, and are found to be compatible with previous work at low and high speed.   

1. Background 

The University of Kent (UK) has had a horizontal two stage light gas 
gun since 1989 [1,2], simulating impacts relating to solar system 
research (ranging from planetary science to aerospace engineering) as 
well as studying the underlying shock physics. Two-stage guns were first 
described by [3], and the Kent gun is typical of its kind. A general 
description of the various such guns in current or recent use is available 
in [4] who list over 60 such guns operational worldwide since the 1990s. 
Almost all of these guns fire horizontally, with just a few capable of 
firing vertically, e.g., NASA-Ames, US [5], the Open Univ., UK [6], 
NASA-Johnson Space Centre, US [7] and ISAS/JAXA, Japan [8]. 

Two-stage guns compress a light gas in the first stage, typically via an 
external compressor or, as in the original horizontal Kent gun, by use of a 
piston driven by detonation of a chemical propellant (gunpowder loaded 
in the laboratory into a shotgun cartridge). This highly compressed gas is 
then released when a bursting disk separating the two stages ruptures at 
high pressure, quickly releasing the light gas into the second tube, called 

the launch tube. A plastic or nylon sabot is placed immediately behind 
the bursting disk (at the entrance to the launch tube) and is accelerated 
by the expanding light gas down the length of the launch tube into the 
range of the gun. The Kent horizontal gun fires plastic sabots approxi-
mately 4.4 mm in diameter, at speeds typically ranging from 1 to 7.5 km 
s− 1, with the maximum speed ever achieved being some 8.4 km s− 1. The 
shot speed can be selected pre-shot by varying the type and amount of 
gunpowder used and the nature, and degree, of pre-shot pressurization 
of the light gas. It is also possible to vary the speed slightly by changing 
the mass of the piston used to pressurize the light gas in the first stage, 
and by adjusting the pressure at which the busting disk ruptures (by 
changing the material used for the disk or scoring it). 

If single-piece, solid projectiles (these are the same dimensions as 
split sabots, but are solid cylinders of nylon 6,6) are used, they can be 
fired from a smooth bore launch tube, or, a rifled barrel can be used to 
spin the sabot to aid stability in flight. If a split sabot is used (typically 2 
or 4 interlocking pieces), rifled barrels are always used, causing the 
sabot to spin. The sabot pieces then fly apart and separate after exiting 
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the launch tube. Such split sabots are used to launch smaller projectiles, 
which are placed in a hollow central shaft in the sabot. A stop plate 
collects the (off-axis) sabot pieces, whilst the load (on the main axis) 
passes through a central hole in the plate and proceeds to the target. In 
this way, single projectiles from approximately 0.5 mm up to 3.5 mm 
can be fired in the gun. These can be of a variety of compositions and 
shapes. Smaller projectiles can also be fired when placed into the split 
sabot as a buckshot load, with multiple smaller projectiles reaching the 
target in a single shot, usually at a similar speed to within a range of 
around 4 – 5 %. 

The original lower speed limit in the gun (around 1 km s− 1), was 
overcome by effectively turning the gun into a single stage gas gun. This 
was achieved by injecting pre-pressurized gas into the pump tube, and 
then, without any further compression from a piston, breaking a 
bursting disk made of a weaker plastic or a modified bursting disk by 
melting it with an electric current (see [2]). The released gas then drives 
the sabot into the range of the gun. Speeds as low as 300 m s− 1 can be 
achieved with this set-up, permitting the same projectiles to be launched 
at targets over a wide speed range so the transition from low-, to 
high-speed impacts can be more fully observed in a single facility, with 
the same gun. 

Data from the horizontal Kent gun has appeared in over 100 refereed 
papers, covering topics such as aerospace engineering (e.g. [9,10]), 
planetary science (e.g., [11,12]), shock physics [13,14], organic mate-
rials under impact [15,16], and impacts on biological and related ma-
terials [17,18]. There has always been a limitation, however, with 
horizontal guns in that they need targets to be mounted vertically for 
normal incidence impacts, and this is not easy for targets with little, or 
no, internal cohesion and which would naturally prefer to have a hori-
zontal and not vertical surface. It is possible to tilt the entire gun and fire 
at non-normal incidence (either at a fixed vertical angle, or a variable 
angle) into a horizontal target’s surface. This brings its own complex-
ities, including for example, a vertical or adjustable mounting is 
required, flexible connections for vacuum lines etc. are needed, and an 
arrangement has to be made to the target chamber either to permit ac-
cess at any angle or at fixed angles. This has been done elsewhere, at, for 
example, NASA Ames [5] and the Open University (UK) [6]. However, 
ignoring the other issues, simply tilting the entire Kent gun range to 
achieve vertical impacts, would require a laboratory with an internal 
height of over five metres; this is unavailable at Kent, and would thus 
require a new building. For granular materials, a horizontal gun could be 
used and the target surface inclined at up to approximately 20◦ from 
horizontal for impact. The exact limit depends on the coefficient of 
friction of the material, remembering that the most extreme vertical 
slope of any resulting crater needs to be below the angle for collapse of 
the material. Given that the typical impact angle for an object hitting an 
atmosphereless planetary surface is 45◦, this results in limited applica-
tions of such impacts. Shallow angle impacts into sand targets have, 
however, been carried out in the horizontal gun at Kent to simulate the 
end of life collision of the Smart-1 spacecraft into the lunar surface 
[18–20]. Impacts into liquids have been achieved by placing the liquid 
in a bag, or behind a thin membrane. This has been done at Kent, to 
study, for example, crater shape in rocky floors of oceans with overlying 
water layers at the moment of impact [21] or in water-saturated porous 
targets [22]. However, such experiments are limited in their nature, and 
the ability to use a vertical gun would be beneficial. 

The requirement for a compact vertical gun contained within the 
existing, limited, laboratory space, has thus led to development at Kent 
of a right angle shaped gun which effectively fires around corners, at 
speeds up to 2 km s− 1. 

2. Gun design 

The new, “vertical” gun utilizes two key ideas. The first is based on 
the realization that a two-stage gun does not have to have the two stages 
arranged in a straight line. Essentially, the connection between the two 

stages can be at any angle, as long as the gas is released efficiently from 
the pump tube into the launch tube. The result is a right angle shaped 
gun, where a horizontal first stage is coupled via a right-angled bent 
connection, into a vertical second stage, as shown in Fig. 1. 

The second idea was to use a self-compressing gas in the first stage. 
The method used is a gas reservoir connected to the pump tube by a fast- 
acting valve to insert the gas into the first stage. To keep the cost low, 
and regulatory compliance procedures simple, standard commercially 
available pipework was selected for the reservoir. The gas reservoir and 
attendant gas handling are shown in Fig. 2. The method chosen for 
pressurizing the gas reservoir was to allow a small volume of liquid 
nitrogen to boil into nitrogen gas, so pressurizing the reservoir with 
nitrogen gas. Here the maximum pressure obtained was 340 bar. Higher 
pressure is possible with this method but is limited by the maximum 
pressure capability of the reservoir tubing and the pressure rating un-
certainty of the pressure safety burst disc. Using this method, the 
reservoir is pressurized with relatively pure and dry nitrogen gas. 

Not using gunpowder-based shotgun cartridges at an awkward 
height in the laboratory (i.e. close to the ceiling), or an external 
compressor pump (e.g. as at the University of New Brunswick, Canada, 
impact facility, [23]) offers several attractive features. Dispensing with 
the gunpowder solves four problems - handling gun cartridges at height, 
the variable availability of the rifle-powder, removing the excessive 
energy of gun cartridges, and removes gunpowder residues from the 
system resulting in a cleaner gun. Not using an external compressor 
minimizes high-pressure lines and associated equipment in the labora-
tory. Such a compressor could, for example, use a nitrogen or helium gas 
feed, a ballast tank on its outlet and water and oil separation to keep the 
gas pure. The choice was made, however, to try the liquid nitrogen 
method to see if it would be practicable. The lower complexity of the 
system, the ready availability of liquid nitrogen and the smaller equip-
ment volume are in its favor, but arguably, more operator intervention is 
required, although more automation could, potentially, be added to 
mitigate this. 

2.1. Mechanical design 

As the vertical gun was developed from an existing horizontal gun, 
the original design (a 1 m long, ½” bore pump tube and 0.7 m long, 

Fig. 1. Photograph of the new gun assembly. The horizontal first (pump) stage 
(H) is at the top of the image and the vertical second stage (V) (launch tube) 
assembly at the left. The central breech (C) is on the left-hand end of the 
horizontal pump tube. The right angle elbow then follows (E) connecting to the 
vertical launch tube. The larger internal diameter drift tube (D) physically 
connects the launch tube and the target chamber (T). The direction of the 
projectile as it enters the target chamber is indicated (P). The whole gun as-
sembly is supported on two vertical steel columns (S), topped with a horizontal 
“I” beam fixed permanently in position (FI). The pump-tube and breech are 
mounted on a horizontal, rolling “I” beam (RI), which is in turn mounted on FI. 
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0.170″ bore launch tube), plus the central breech, were used without 
modification. A new gas reservoir was designed to connect to the up- 
stream end of the pump tube, replacing the original shotgun cartridge 
holder. The reservoir consists of three stainless steel tubes (made of 316 
alloy) arranged in parallel (see Fig. 2). These tubes are 1 m long and are 
12 mm outer diameter with 2 mm walls. The two flank tubes can be 
isolated from the central one with valves, this allows some variability of 
the reservoir volume. Ideally, a single large diameter tube would be used 
for the reservoir with a bore greater than the pump tube diameter. 
However, this three-tube arrangement allows for use of lower cost 470 
bar rated tubing, thus permitting 400 bar operation with a total internal 
cross-section 1.19 times the pump tube. Safety burst discs are fitted to 
the external end of each of the tubes, at a nominal pressure of 388 bar on 
the flanking tubes, and 373 bar on the central tube (these values are 
lower than the nominal design 400 bar to allow a safety margin). The 
connection of the combined reservoir to the pump tube is by 16 mm 
outer diameter fittings, which have a 12 mm, bore. 

A fast-acting Hydac™ ball valve, rated at 400 bar with a measured 
opening time of 140 ms, separates the gas reservoir from the pump tube. 
A nylon-6,6 piston is placed at the up-range end of the pump tube. To 
guard against any gas leaks through the valve displacing the piston pre- 

shot, a small dead volume is maintained at the back of the piston until 
the shot. This can be vented to air if necessary. The gas reservoir, fast 
acting ball valve and small dead volume were bought as standard 
pipework components, but an adaptor between these and the pump tube 
was made from a 75 mm diameter cylinder of AISI 4150 steel. 

The pump tube is connected to the central breech (which stops the 
piston), with an “O” ring seal between them. Unlike the existing gun, 
however, there is now a physical separation between the central breech 
and the launch tube. This is to allow the presence of the right-angled 
turn in the gun via the elbow joint. A stub tube 135 mm long, is used 
to connect the breech to the elbow. This stub tube connects to the hor-
izontal opening in the connecting elbow, which is made from a block of 
AISI 4150 steel 150 mm long, 75 mm wide and 100 mm deep, shown 
diagrammatically in Fig. 3. 

The gun launch tube is screwed into the vertical opening in the elbow 
connector. The launch tube presses against a scored aluminium burst 
disc, which forms a seal between the launch tube and the elbow. Pre- 
shot, the pump tube and elbow are filled with the gas that will eventu-
ally accelerate the projectile within its sabot. This pre-shot pressure 
depends on the final speed required: a typical shot uses hydrogen at 
around 10 bar. This gas is sealed at the upstream end by the piston and at 

Fig. 2. Gas handling diagram system.  

Fig. 3. Connecting elbow cross section.  
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the downstream end by the burst disk at the entrance to the launch tube. 
Immediately behind the burst disk, the launch tube contains a plastic 
sabot loaded with a projectile, which in this initial study was a 1 mm 
diameter stainless steel sphere. 

When the gun is fired, the sudden release of the pressurised nitrogen 
(via action of the ball valve), drives the piston down the pump tube, 
similar to the firing of the shotgun cartridge in the original horizontal 
gun. The gas on the downstream side of the piston is thus compressed 
and eventually breaks the burst disk, releasing the compressed gas 
vertically into the launch tube, accelerating the sabot and projectile 
along the launch tube in a downwards direction. The projectile is held 
under compression in the sabot, so does not fall out pre-shot. Similarly, 
the sabot is a tight fit in the launch tube (to ensure a good gas seal 
around the sabot and prevent gas escaping around it), so does not slide 
down the launch tube pre-shot. The downstream end of the launch tube 
protrudes into a vertical drift tube (mounted on the top of the target 
chamber) using an ‘O’-ring seal to maintain a vacuum in the target 
chamber. The drift tube allows the sabot segments sufficient flight dis-
tance to separate from the projectile before being intercepted by a stop 
plate mounted inside the target chamber. The target chamber is a cube- 
shaped vacuum chamber (usable internal dimensions 1.14 m by 1.14 m 
by 1.14 m and typically evacuated to less than 1 mbar pre-shot). 

2.2. Filling the nitrogen reservoirs 

Initially the gas reservoir system (Fig. 2) is charged with nitrogen 
gas, by closing vent valve V1 and using a sample cylinder, attached to a 
cryogenic Habonim™ ball valve, to transfer nitrogen from a larger cyl-
inder kept outside of the laboratory. The large cylinder contains nitro-
gen gas at 200 bar (maximum) and the reservoir can typically be 
pressurized to between 120 and 160 bar via this method. 

The nitrogen gas reservoir pressure is increased further by using a ‘U’ 
shaped filling loop (Fig. 2). It is made of the same tube type as the 
reservoir tubes; the height of the ‘U’ is 289 mm and was shaped in-house. 
With the cryogenic valve shut and the filling loop lower valve shut, the 
loop is immersed in liquid nitrogen to within a few centimeters from the 
top connections. Any existing nitrogen gas in the loop then condenses 
into liquid in the cooled loop, so the cryogenic valve can be opened 
without gas loss, and fresh liquid nitrogen can be poured in using a 
cooled funnel with a delivery tube that reaches to the top of the filling 
loop. With the funnel removed, the filling loop system is re-pressurized 
using nitrogen from the gas bottle as before and the cryogenic valve is 
then shut. Re-pressurizing this way avoids having to pressurize the dead 
volume above the loop using the boiling liquid nitrogen, so allows 
higher ultimate pressure in the reservoir. The liquid nitrogen bath sur-
rounding the loop is then removed and the valves to the main gas 
reservoir opened. This allows the liquid nitrogen within the loop to boil 
into nitrogen gas, pressurizing the gas reservoir. Heating of the filling 
loop during this operation is achieved by a fan blowing room tempera-
ture air over the filling loop. 

Five of the liquid nitrogen filling cycles, produces approximately 
320 bar of nitrogen within the gas reservoir, at which point the reservoir 
can be isolated from the filling loop, plus its delivery tube, and the filling 
loop vented. The hydrogen pressure in the pump tube is then checked 
immediately before the shot. 

Firing the gun consists of closing the dead volume vent valve V2 and 
then opening the fast action ball valve V3. This allows the nitrogen gas 
from the reservoir to push the piston horizontally in the pump tube, 
compressing the hydrogen gas ahead of the piston. At typically around 
190 bar, the hydrogen pressure is high enough to rupture the aluminium 
burst disc and the hydrogen gas expands into the launch tube, acceler-
ating the sabot and projectile vertically downward. Operation of the 
valves V1, V2 and V3 is done electronically by use of a firing box from a 
neighboring room, permitting safe firing of the gun. 

The launch tube is rifled so upon exiting into the drift tube, the 
spinning sabot separates into its four component segments, typically 20 

mm apart, which then enter the target chamber, along with the pro-
jectile, which continues on the central axis-of-flight. Within the target 
chamber a removable frame supports a blast tank which is a 200 mm 
cube shaped steel box (see top of Fig. 4), containing a steel stop-plate for 
the sabot segments. The blast tank has a 50 mm aperture in its top to 
allow the separated sabot segments entry and the stop plate has a 10 mm 
exit aperture to permit only the projectile to continue downward. 
Alignment of the gun to this 10 mm aperture is crucial to allow the 
projectile to hit the target. To achieve this, an LED light is attached to a 
replacement stop plate in the position of the exit aperture and is shone 
upward. A polished annular aluminium mirror with a black cross is 
permanently positioned on the end of the launch tube and the reflected 
light produces a cross on the replacement stop plate. This cross can be 
centered by moving the blast tank back and forth parallel to the pump 
tube axis and side-to-side by altering the relative tension on the two 
turnbuckles on the elbow anti-recoil stays. The replacement stop plate is 
removed pre-shot and the actual stop plate attached. 

Connected to the base of the blast tank is a time-of-flight system, 
which has two laser LEDs 119 mm apart (Fig. 4). Each LED produces a 
red light beam approximately 15 mm wide and 1 mm deep, which is 
focused onto separate photo-diode detectors to give the projectile’s 
time-of-flight over the 119 mm path. The data from the LEDs is read out 
onto digital storage oscilloscopes. The timing information gives a pro-
jectile speed accurate to ±0.5 % for mm sized projectiles (which give 
well-defined signals on the oscilloscope). 

The target is placed below the time-of-flight system on the base of the 
target chamber, on top of a metal baseplate to protect the floor of the 
chamber from inadvertent projectile impact (Fig. 4). 

2.3. Mounting frame 

The pump tube portion of the gun is 3.1 m above floor level, and is 
held up by steel columns permanently attached to the floor (Fig. 1). 
Separately to this, the elbow connections to the launch tube and stub 
tube need to be protected from recoil forces. To save having a bracing 
structure attached to the building, the gun is therefore attached to the 1 
tonne target chamber, as it is chiefly movement between these two el-
ements that is to be avoided. Any recoil of the vertical launch tube is 
resisted by a removable strap, which passes over the elbow and is con-
nected to the target chamber by two steel rope stays in an “A” config-
uration with each end of the rope tensioned by a turnbuckle. Horizontal 
recoil is generated when the piston is accelerated and stopped. The 
horizontal parts of the gun are mounted on a rolling, steel 152 × 152 mm 
“I” beam, allowing ease of access and movement during setup (Fig. 1). 
This beam is in turn clamped to a larger 254 × 146 mm supporting “I” 
beam, which is connected by a steel rope stay to the target chamber 
(Fig. 1). This is permanently connected as it does not interfere with gun 
usage, and no movement has been observed so far during operation. 

The section of gun from pump tube to launch tube can be raised from 
the rolling beam and lowered again to insert the launch tube into the 
drift tube part of the target chamber. This section of gun is assembled at 
ground level and hoisted into position on a carriage that runs on tracks 
to save carrying the 32 kg assembly to the 3.1 m operating height. 

3. Test shot program 

The gun was tested in both single and two stage modes of operation, 
with repeated firings. 

3.1. Single stage gun performance in test firings 

The vertical gun was fired 11 times in single-stage mode to obtain 
low speeds, using 1 mm diameter stainless steel projectiles. A 0.25 mm 
thick acetate plain burst-disc with a 0.25 mm thick acetate annular 
backing was used to maintain the gas seal between the pump and launch 
tubes. The pump tube pressure was simply increased until the acetate 
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burst disc ruptured (approximately 80 bar). As can be seen in Fig. 5, by 
using the acetate-bursting disk, and changing the composition of the 
pressurizing gas, speeds in the range 0.3 to 1 km s− 1 were achieved. Most 
of the variation was obtained by moving from gases with a higher mean 
molecular mass such as nitrogen (low speed) to a lower mean molecular 
mass such as hydrogen (high speed). Some further variation in burst 
pressure was achieved with the acetate disc by waiting at a lower 
pressure for the disc to extrude and burst, or by pressurizing quickly to a 
higher pressure before extrusion occurred. Using different burst discs 
such as aluminium foil on an aluminium annular backing disc with a 
central aperture gives further speed selection options. 

3.2. Two stage gun performance in test firings 

The full two-stage vertical light-gas gun was tested with over 30 
shots, again using a 1 mm diameter stainless steel sphere as the pro-
jectile. Speeds in the range 1 - 2 km s− 1 were obtained with the full 
pressure in the nitrogen gas reservoir (~300 bar) and by varying the pre- 
shot pressure of the hydrogen gas in the pump tube (Fig. 6). These shots 
used a 0.5 mm thick 2014 aluminium burst-disc, with a cross, or cross- 
plus-circle, punched into it to encourage the aluminium to petal out-
wards when it bursts. This petal forming does not work as consistently as 
it does with the horizontal gun which may be due to the lower mass of 

hydrogen driving gas compared to that used for the horizontal gun. 
However, petal formation is desirable as the fragments are then more 
likely to travel off-axis and be intercepted in-flight by the stop-plate; 
they thus do not reach the target, giving a cleaner impact. Speeds 
below 1 km s− 1 were also achieved in the two-stage gun, by using acetate 
or copper bursting disks. There is some variation in the shot speed even 
if conditions are repeated (as with the single-stage gun) and is of order 
± 4 % (similar to the original horizontal gun). 

4. Analysis of data from test shots into sand 

4.1. Shot program 

While the gun was being commissioned, the opportunity was taken 
to generate impact data at normal incidence onto a granular target 
(sand). Sand was chosen to permit comparison with data in the literature 
(e.g. [24–26]). The sand used here had a typical grain diameter of 0.3 – 

Fig. 4. Arrangement within target chamber, showing a sand target on the chamber floor. Various viewports and electrical feed-throughs are also visible in the walls 
of the chamber. 

Fig. 5. Single stage vertical gun performance with various gases. The burst disk 
in all cases was made of acetate (0.25 mm thick). 

Fig. 6. Two stage vertical gun performance with hydrogen gas in the second 
stage and various burst-disc types. The bust-disks were aluminium, with cross- 
shaped and circular indentions to aid their rupture (indentation pressures as 
given in the legend). Two similar launch tubes were used (LT26 and LT34). The 
horizontal axis, gives the pre-shot pressure of the hydrogen gas in the pump 
tube, before it was further pressurised by the piston driven by the nitrogen gas 
when the release valve was opened. 
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0.5 mm, a coefficient of friction (measured by slippage when tilted) of 
between 35◦ (onset of slippage) and 40◦ (full slippage of tilted sand). The 
density after settling in its container was 1670 ± 29 kg m− 3. 

The sand container was placed on the target chamber floor beneath 
the vertical gun stop-plate. The target chamber was then evacuated to 
less than 1 mbar during each shot. The projectile speed was obtained in 
each shot. The projectiles were spheres made of stainless steel 420, 1.0 
mm in diameter and density 7700 ± 100 kg m− 3. Six of the single stage, 
and thirty of the two-stage test shots yielded useful data (in a few of the 
earliest shots no sand target was used as the initial focus was on firing 
the gun successfully, and in one of the later shots a sabot fragment hit the 
target along with the projectile). As expected, the resulting impact 
craters were circular (see Fig. 7 for a typical depth profile across one 
crater). The crater depths and diameters were measured using caliper 
gauges. Crater depth was taken from the level of the original undis-
turbed surface to the floor of the crater. Two definitions of crater 
diameter were used, from rim to rim, and an inner diameter in the 
original surface plane (Fig. 7). In each crater, several measurements of 
each parameter were made and then averaged to give the uncertainty 
(which was larger than the instrument accuracy). Typical crater di-
ameters are thus accurate to ± 1 mm. Crater depths are in principle 
accurate to ± 0.01 mm, but in practice are limited by the size of indi-
vidual sand grains and are thus more likely of order ± 0.1 mm. 

4.2. Shot results 

All crater data are given in Table 1, and crater inner diameters and 
depths are plotted in Figs. 8 and 9 respectively. The data for inner crater 
diameter (Di) were fit vs. impact speed (v) with both a linear function 
and a power law (the latter being more usual in cratering studies). We 
obtained: 

Di = (27.7 ± 1.5) + (11.1 ± 1.3)v r = 0.8254 (1)  

Dp = (39.7 ± 0.5)v(0.272±0.051) r = 0.8450 (2)  

where Di was in mm and v in km s− 1, with r giving the regression co-
efficient of each fit. No significant difference in goodness-of-fit was 
observed between the two types of fit over the range of crater size here. 
As expected the rim-to-rim diameters of the craters (Dr) were larger than 

the inner diameters, and a ratio of (Dr / Di) = (1.142 ± 0.045) was 
found, with no observed dependence on impact speed. 

The data for crater depth (Dp) were also fit vs. impact speed (v) with 
both a linear function and a power law. We obtained: 

Fig. 7. Cross section across a typical crater. Crater depth is measured from the 
original surface level. Two measures of crater diameter are taken, rim to rim 
(Dr) and an inner diameter in the original surface plane (Di). Crater depth (Dp) 
is measured from the original surface plane, as is the rim height (h). The 
example shown is a profile across the impact at 1.556 km s− 1, and was 
measured in 1 mm steps across the crater. Care was taken to ensure all profiles 
passed across the centres of the craters. 

Table 1 
Measurements of crater dimensions for impacts of a 1 mm diameter stainless 
steel sphere into sand. In some cases crater depth was not measured (marked 
“nm”). Speeds are accurate to ±1 %, crater diameters are typically accurate to 
±1 mm and crater depth is accurate to ±0.1 mm.  

Speed (km 
s− 1) 

Inner crater diameter 
(mm) 

Crater depth 
(mm) 

Single-Stage (SS) or Two- 
Stage (TS) 

0.289 25 nm SS 
0.327 27 nm TS 
0.399 33 8.04 SS 
0.425 33 7.34 TS 
0.469 32 8.61 SS 
0.533 38 9.08 TS 
0.625 36 9.96 TS 
0.688 41 7.36 TS 
0.776 38 8.58 SS 
0.840 35 8.60 TS 
0.844 32 Nm SS 
0.851 40 9.10 TS 
0.883 39 9.06 SS 
0.893 33 8.95 TS 
0.944 32 9.22 TS 
0.947 39 9.82 TS 
1.067 43 9.93 TS 
1.111 43 9.98 TS 
1.115 45 7.93 TS 
1.169 48 11.0 TS 
1.173 43 7.73 TS 
1.215 37 8.62 TS 
1.228 41 9.91 TS 
1.242 41 9.67 TS 
1.269 41 8.77 TS 
1.276 43 9.77 TS 
1.312 43 7.91 TS 
1.321 44 11.78 TS 
1.358 46 11.76 TS 
1.444 43 10.05 TS 
1.463 42 10.70 TS 
1.556 44 10.77 TS 
1.640 40 11.99 TS 
1.711 48 12.16 TS 
2.00 49 13.21 TS 
2.02 49 12.37 TS  

Fig. 8. Inner crater diameter vs. impact speed for 1 mm diameter stainless 
projectiles impacting sand. The solid line is a linear fit to the data, and the 
dashed line a power law fit. 
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Dp = (6.54 ± 0.52) + (2.81 ± 0.43)v r = 0.7590 (3)  

Dp = (9.51 ± 0.20)v(0.291±0.052) r = 0.7137 (4)  

where Di was in mm and v in km s− 1, with r giving the regression co-
efficient of each fit. Again, no significant difference in goodness-of-fit 
was observed between the two types of fit. 

The crater depth-to-diameter ratio, Dp / Di, was found to be 0.24 
±0.03 with a scatter that was too large to show any significant trend vs. 
impact speed. This is no surprise given the similar magnitude of the 
power law exponents in Eqs. (2) and (4) for crater depth and diameter 
vs. impact speed. This is compatible with Mizutani et al. [25] for impacts 
in loose quartz sand (density 1360 kg m− 3) at 35 – 830 m s− 1, who found 
a depth/diameter ratio of 0.25. It is, however, slightly larger, but still 
compatible with the result of [24], who for impacts into quartz sand at 
0.7 and 1.3 km s− 1, found crater depth/diameter = 0.20 – 0.21. 

The height of the crater rim (h) above the original sand surface level 
was also measured. We found that h was approximately (3.2 ± 1.2) % of 
the rim to rim diameter, albeit with significant scatter on the data, hence 
the large uncertainty. It has long been known that rim height for many 
small craters made in the laboratory, and even for small lunar craters (<
15 km), depends only weakly on crater rim-to-rim diameter, with Pike 
[27] reporting h = 0.036Dr

1.104. As noted by Melosh [28] this weak 
power is not significantly different from unity, suggesting that 
un-collapsed crater rims have a height some 3 - 4 % of the rim-to-rim 
diameter, compatible with that reported here. When normalized to the 
crater depth, i.e. h/Dp, no clear correlation was found with impact 
speed, with an average rim height of (10.7 ± 3.7) % of the crater depth. 

4.3. Pi-scaled crater dimensions 

Crater dimensions are often described as obeying pi-scaling, i.e. they 
can be scaled in dimensionless ratios of all key parameters controlling 
the impact process (see [28] for a discussion). In the case of essentially 
strength-less target materials, crater sizes are held to scale as in a gravity 
dominated regime. Thus the scaled crater diameter, πD, scales with a 
term, π2 according to a power law, and crater depth given by πH which 
similarly scales with π2, such that: 

πD = Cdπ2
− β, (5)  

where 

πD = Di(ρt/m)
1/3

, (6)  

πH = H(ρt/m)
1/3

, (7)  

π2 = 1.61gL
/

v2, (8)  

with ρt being target density, m the projectile mass, g the local gravity, L 
the projectile diameter and v the impact speed (all units are SI). The 
coefficient β is found by fits to data. Here we plot the data for πD vs. π2 in 
Fig. 10a, and obtain a power-law fit to the data: 

πD = (2.57 ± 0.73)π2
− (0.136±0.016), (9)  

with a regression coefficient of 0.8450. We similarly fit πH vs. π2 in 
Fig. 10b, and obtain a power-law fit to the data: 

πH = (0.518 ± 0.245)π2
− (0.146±0.026), (10)  

with a regression coefficient of 0.7137. The lower value of the regression 
coefficient reflecting greater scatter in the depth data compared to that 
for crater diameter. 

Previous data exists for pi-scaling of impact craters in sand and is 
Fig. 9. Crater depth vs. impact speed for 1 mm stainless projectiles. The solid 
line is a linear fit to the data, and the dashed line a power law fit. 

Fig. 10. The data for sand crater diameter and height vs. impact speed formed 
into pi-scaled variables πD and πH vs. π2 ((a) and (b) respectively). The data are 
fit with a power law (solid line). The predictions from Schmidt [29] for quartz 
sand and Ottawa sand (as summarized by Melosh (1989) are also shown (red 
and blue dashed lines respectively). The data here are intermediate between the 
quartz and Ottawa sands. 
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summarized in Melosh [28] for quartz sand and Ottawa sand with, for 
diameter, Cd = 1.4 and 1.68 respectively, and β = 0.16 and 0.17 
respectively. The results for the data here are intermediate between the 
predictions from the Ottawa and quartz sands (see Fig. 10). The original 
experiments for Ottawa sand are described in Schmidt [26] and cover an 
impact speed range of 2.1 to 7.25 km s− 1. The Ottawa sand had an angle 
of friction of 35◦, whereas the quartz sand was 28◦ [26]. The former is 
compatible with the onset of slippage in the sand here of 35◦, but the 
latter is slightly smaller. Schmidt [26] suggested that the angle of fric-
tion plays a significant role in the crater size. It should, however, also be 
noted that the data for both the Ottawa and quartz sand were taken in 
chambers at an ambient pressure of 1 atmosphere, unlike here where a 
vacuum chamber was used. To test the hypothesis that the friction angle 
plays a role in crater formation, Schmidt [26] plotted πH vs. π2, and 
observed a significant difference with the friction angle (i.e. type of 
sand). Here we show πH vs. π2 in Fig 10b, but again our data are inter-
mediate between the results for quartz sand and Ottawa sand. It is thus 
not possible to confirm that the coefficient of friction is responsible for 
the variation in results between the data sets, and sand grain size or the 

ambient pressure cannot be ruled out as also playing a role. 
Regarding sand grain size, [24], in their work on impacts at 0.7 and 

1.3 km s− 1, used targets comprising three different sand grain sizes (0.5 
mm, 0.5 – 1 mm, 1 – 2 mm), plus a mixed size target. They found that, at 
a fixed impact speed, crater depth did not change as the grain size in the 
targets was varied from <0.5 mm to 2 mm. Crater diameter did, how-
ever, change, being smaller at the small grain sizes in the shots at 1.3 km 
s− 1, but being a similar size independent of sand grain size at low speed 
(0.7 km s− 1). Overall, they were unable to determine if the differences 
they found were due to sand grain size, friction or slumping of the sand. 

4.4. Projectile recovery post-shot 

In 32 of the shots (0.399 – 2.020 km s− 1), we recovered the projectile 
from beneath the floor of the crater. In each case, the projectile was 
intact (Fig. 11). At the lowest speeds, there were some thin patches of 
sand adhered to the projectile surface in random locations. However, 
this changed as speed increased, and from 0.776 km s− 1 upwards, a 
distinct nose-cone of sand had adhered to one face of the projectile. We 

Fig. 11. Recovered projectiles from shots of 1 mm diameter stainless steel projectiles impacting sand. Sand can be seen coating parts of the projectile, forming a nose- 
cone in the higher speed impacts. 
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assume this nose-cone was on the leading face of the projectile during 
penetration into the sand. At the highest speed, 2.020 km s− 1, there is 
some indication that the projectile is slightly distorted in shape; the 
trailing (sand free) rear of the projectile is still spherical, but the nose- 
cone of sand on the leading face seems to overlay an eroded front 
hemisphere of the stainless steel projectile. Sculpting of the leading face 
of a stainless steel projectile during impact, was previously shown in 
Fig. 16 of [18], where impacts of a 0.5 mm diameter stainless steel 
sphere at 3.10 km s− 1 in aerogel of density 25 kg m− 3, resulted in heavy 
erosion of the leading face. Again the result was a nose-cone like shape 
of the projectile, albeit with a slightly raised rim around the equator of 
its equator. 

To obtain an estimate of the peak shock pressure during impact we 
use the Planar Impact Approximation (PIA, e.g. see [28]). This uses data 
for the shock Hugoniot relying on the linear wave speed relationship of 
the form U = C + Su, where U is the shock speed and u is the particle 
speed. Values of C and U differ for the projectile and target materials, 
and are found from experiments. For stainless steel we use C = 4610 m 
s− 1 and S = 1.73 (taken from [30]), along with density 7700 kg m− 3. For 
sand there is a choice in the literature and accordingly we use two es-
timates of C and S (C = 243 m s− 1, S = 2.348, from [31] who used sand 
with a density of 1570 kg m− 3, and C = 402 m s− 1, S = 1.60, from [32], 
who used sand with a density of 1600 kg m− 3) to see how sensitive the 
results are. In both cases the sand density is roughly similar to that here. 
The predictions of peak shock pressure vs. impact speed are shown in 
Fig. 12, where we obtain that at 2 km s− 1, pressures are in the range 9.4 – 
12.0 GPa. We can thus say that the projectile is intact at shock pressures 
to at least of order 10 GPa, but some erosion and/or ablation is starting 
to occur. 

Interaction of the projectile with a target is a well-known phenom-
enon. In previous work, for example [33], we have shown that 1 mm 
diameter copper projectiles survive intact and retain their spherical 
shape, after impacts into porous ice at speeds up to 2 km s− 1. This was 
equivalent to a peak pressure during impact of 6.8 GPa. At higher speeds 
and shock pressures deformation occurred with the onset of fragmen-
tation by 9 GPa, and increasing fragmentation from 10.4 GPa upwards, i. 
e., this occurs at lower pressures than here for stainless steel, reflecting 
the lower strength of the copper. For projectiles of basaltic glass (weaker 
still than both copper and stainless steel), the peak shock pressure 
necessary to disrupt the projectile is in the order of 1 – 1.5 GPa (see [34] 
for a discussion). 

5. Conclusions 

The single and two stage guns have been shown to work as designed. 
The right-angled turn in the gun has not impeded performance, and 
speeds up to 2 km s− 1 have been achieved. The use of vaporized liquid 
nitrogen to produce high-pressure nitrogen gas to drive a two-stage gas 
gun has also been shown to be practical. The shot rate has been found to 
be one shot per day, but could be increased to two shots per day with 
more automation. The liquid nitrogen-filling loop could be made longer 
to reduce the number of filling operations required and provide more 
distance between the liquid nitrogen and the swaged connectors. The 
delivery tubing from the filling loop to the gas reservoir is currently 3 
mm OD and 1.5 mm ID to give good gas temperature equalization with 
the room, and this may need to be increased in diameter if a longer 
filling loop is chosen. 

Although only about 500 mL of liquid nitrogen was used to fill the 
gas reservoir per shot including wastage, a further 10 L was used to cool 
the filling loop. This is an acceptable expense per shot, but could be 
improved with a better fitting Dewar around the filling loop and more 
work on improving the way the cooling liquid nitrogen is used. 

The use of these small-bore pipeline components has allowed the 
required speeds to be achieved and more optimization may allow higher 
speeds. A better gas reservoir design would include a larger internal 
diameter. This is a planned upgrade to this gun, with 16 mm OD 2.5 mm 
wall thickness tube, now that the highest required operating pressure for 
the reservoir of 340 bar has been established. Alternative safety burst 
discs have also been obtained rated at 374 bar (note that the safety burst- 
discs are only available in discrete values, and the error in its operating 
pressure must be above the required 340 bar and below the 16 mm tube 
pressure rating of 400 bar). An additional improvement already planned 
is to the sabots. At the moment the existing set-up permits firing of 
single, large projectiles. By crimping the end of the sabot, it is hoped to 
be able to retain multiple small (< 100 µm) projectiles in the sabot and 
fire a cloud of such projectiles in a shot, as can be done with the hori-
zontal gun (e.g., see [35]). 

To demonstrate the performance of the gun, cratering in sand targets 
is reported. As well as the classic early experiments regarding cratering 
in sand reported in the 1970s and 80 s, sand cratering experiments are 
still reported today (e.g. [24]). The results obtained here for cratering in 
sand over a wide speed range are shown to be compatible with previous 
work. 

Now that the gun is operational, several new programs can be un-
dertaken. The new vertical gun already overlaps the lower speed regime 
of the present gun and any work at those speeds in the horizontal gun 
can now also be undertaken with water or low-cohesion targets. For 
example, in planetary science there are various niche areas of impacts 
that occur at speeds up to 2 km s− 1. These include implantation of 
Martian ejecta into Phobos and Deimos (where impact speeds are esti-
mated to cover 1 – 4.5 km s− 1, see Chappaz et al., 2013, so the vertical 
gun can already cover the lower end of that range), or the capture of 
materials in the plumes of Io and Enceladus during orbits of those bodies 
(e.g. see [36]). There have also been specific examples of impacts in the 
gun’s speed range arising from human activities in space. For example, 
the ESA Smart-1 spacecraft impacted the Moon at its end-of-life in an 
impact at 2.1 km s− 1 [19,20]. Fortunately, the impact was at a shallow 
angle, so the impact into a loose regolith could be simulated in the 
horizontal gun. This can now be reproduced over a much wider range of 
impact angles in future. In addition, impact testing of material response 
to impacts at speeds up to 2 km s− 1 can now be undertaken, with the 
crater site retained intact after impact without the added complication 
of material falling away from the crater under gravity after the impact 
process has completed. In particular, impact cratering events in water 
can now be studied without the water flowing away after impact, as was 
the case with earlier studies in the horizontal Kent gun [21,22]. Com-
bined with the planned upgrade to increase the impact speed, a wide 
range of activities are thus planned. 

Fig. 12. Estimates of the peak impact shock pressure made using the Planar 
Impact Approximation. Two estimates are made, one using shock Hugoniot data 
for sand from [31], the other using data from [32]. 
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