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Air gun – the most common marine seismic source 

The peak signal is generated 
when the bubble is small – the 
bubble oscillates several times 
before it breakes the water 
surface – bubble period is 
dependent on volume, gun 
depth and firing pressure 

Stephen Chelminski founded 
Bolt Technology in 1970 and 
patented the air gun in 1975 
– received the Kauffman 
award in 1975 



Rayleigh’s equation (1917)  

Kirkwood and Bethe (1942) 

R 

Studied the sound 
emitted when water 
is boiling => collapse 



Rayleigh’s paper from Phil. Mag. 34, 1917:  



Rayleigh studied the collapse and sound generated 
by water vapor cavities in boiling water  

Striking similarity between boiling water and air gun bubbles  







Cavities formed close to air bubbles 
injected into the water – for small air 
bubbles (not visible) the vapor cavity 
collapsed completely =>  



Observed cavity and comparison with the Rayleigh formula 

Rayleigh’s collapse time formula 
fits the experimental data  

Time 

nozzle 

cavity 



Gilmore (1952):   

Anton Ziolkowski (1970) formulated a method for 
calculating the output pressure waveform from an air 
gun (Geophys. J. Roy. Astr. Soc., 21, 137-161) 

 

dp
HEnthalpy at bubble wall:  

=> If H and R are known, we can find the relative pressure signal 



Milton Plesset teaching on «collapse of cavities»  





Milton Plesset, Niels Bohr, Fritz Kalckar, Edward Teller and Otto Robert Frisch at 
the Institute for Theoretical Physics in Denmark, 1934.  

Milton Plesset in Copenhagen - 1934  



Congress in Copenhagen 1934 (?) 

N. Bohr, P.A.M. Dirac, W. Heisenberg, P. Ehrenfest, M. Delbruck, L. Meitner  

Plesset 
Frisch 



Otto Robert Frisch (1904-1979) 
- Lise Meitner was his aunt 
- Left to London in 1933 
- 5 years in Copenhagen 
- In 1938 Lise got a mail from Otto Hahn reporting that barium 

was a biproduct if neutrons collided with uranium. Frisch and 
Meitner interpreted this as splitting of the uranium nucleus. 
Frisch denoted this as fission.   

- At Los Alamos Frisch becomes leader of the «Critical 
Assemblies group» – to determine the exact amount of 
enriched uranium which would sustain a nuclear reaction…  

- He did this by stacking several 3 cm bars of uranium hydride 
at a time and measuring rising neutron activity…. 

- One day he almost caused a runaway reaction – of the corner 
of his eye he saw the red lamps flickering – realizing what was 
happening he scattered the bars with his hands. Later he 
found that this dose was quite harmless, but if he had waited 
another 2 seconds it would have been fatal….  

- This experiment was used to determine the exact mass of 
uranium required for the Hiroshima bomb. 

- Returned to England in 1946 
 



Lise Meitner (1878-1968) 

- Meitner is often mentioned as one of the most glaring examples 
of women's scientific achievement overlooked by the Nobel 
committee 

- Meitner also first realized that Einstein's famous equation, E = 
mc2, explained the source of the tremendous releases of energy 
in nuclear fission, by the conversion of rest mass into kinetic 
energy, popularly described as the conversion of mass into energy. 

- Meitner refused an offer to work on the project at Los Alamos, 
declaring "I will have nothing to do with a bomb!"[28] Meitner said 
that Hiroshima had come as a surprise to her, and that she was 
"sorry that the bomb had to be invented."[29] 
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Nearfield and farfield signatures of a single (40 cu.in.) 
air gun 

_____ with screen 
 
-------- no screen 
 

_____ with screen 
 
-------- no screen 
 

Amplitude damping from 
primary to first, second 
and third bubble…   
 
WHY?  
 
- Irrotational water 

motion 
- Temperature effects 
- Transport of water 

vapor across the 
bubble wall 

- Viscosity 
- Bubble is gradually 

loosing air 
- …… 



Characteristics of a far field source signature 

Primary to bubble ratio: P/B 
Bubble time period: T 

P/B-ratio is frequency-dependent!  



Some empirical relations:  

Nooteboom, 1978 – bubble time period:  

Nooteboom, 1978 – Amplitude:                                          A ~ P2/3 

NN – Amplitude:                                                                     A ~ V1/3 



Experimental tank experiment used in Jan Langhammer’s 
PhD thesis:  



Filming of a small air gun in a water tank 

Jan Langhammer and Martin Landrø, 1991 



Snapshots from above 

2 ms 

18 ms 13 ms 

11 ms 9 ms 

4 ms 

39 ms 

26 ms 29 ms 

24 ms 21 ms 

55 ms 

T = 24 ms 

Notice the 45 degree rotation of the bubble system between primary and bubble 

Langhammer and Landrø, Geophysical Prospecting, 1996  



Upward movement of the bubble 

Herring, 1941; Taylor, 1942 

Langhammer and Landrø, Geophysical Prospecting, 1996  



Comparing near-filed measurements in a tank 
with free field 

________      0.85 m3 tank; 7 oC 
-------------      360  m3 tank; 18 oC 
……………..      free field; 12 oC 

1.6 cubic inch gun  

The bubble time period is shorter for the tank experiment  - however, the 
deviation is too big to be explained by temperature ?? 

The difference between the big tank and the free field is probably a temperature effect  



Geophysics, 1993, 58, 1801-1808 

Bornhorst and Hatsopoulos (1967):  



P/B-ratio and bubble time period decrease with 
increasing viscosity 

Viscosity is NOT the main energy loss mechanism for air gun 
bubble damping 

Increasing viscosity 



Schrage, 1953 proposed the following mass transfer formula (water 
vapour across the bubble wall) 

n = mol of evaporated or condensed water  
Psv = Saturated water pressure 
Pv = partial pressure of vapour in the bubble 
A = Area of bubble surface 

Measured near-field signatures 
for 5 (solid) 29 (dashed) and 44 
(dotted) centigrades water 
temperature 

Bubble period and P/B-ratio increases with increasing temperature  

Increasing temperature 



Bubble time period and P/B-ratio increases with 
water temperature 

0.2 % change in bubble 
period per centigrade 

0.6 % change in P/B-ratio 
per centigrade 
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Methods to improve the source 
signature 



Improving the Primary to Bubble ratio: Guns with 
varying volumes 



Modeling of GI gun signatures, 

Landrø, 1992, Geophysical Prospecting, 40, 721-747.  

Need a lot of air:  



Use modeling to optimize the P/B-ratio with respect to injection 
start time, injection volume and injection period 

Comparing measured and 
modeled farfield signatures: 

P/B-ratio 



Strandenes and Vaage, First Break 1992 

Clustered airguns : Improved primary to bubble ratio 

The equilibrium distance:  



Example of a three-gun cluster  

Source: Schlumberger 



8-gun cluster 

Source: Schlumberger 



Far-field measurements of the 3-gun cluster for 
various depths 

Source: Schlumberger 

- Bubble time period decreases with increasing depth 
- Ghost notch decreases with increasing depth 
- More low frequencies (between 10-70 Hz) for deeper sources 



A G-gun cluster  

Source: Sercel 

Source depth 5 m and 2000 psi 



Low frequency and large G-gun sources  

Source: Sercel 



Rattray’s PhD thesis (Caltech, 1951)  

Collapse of a cavity in the vicinity of a wall  a two-gun cluster 

Estimated shape of cavity 
versus time: solid and dashed 
shapes represent two 
different approximations  



Another solution  (from Rattray’s thesis) for 
tranlational motion of bubble 

..no wonder why we love science 





Strandenes and Vaage (1991) introduced the equilibrium radius:   

Rattray found in 1951 that the collapse 
time for a cavity close to a wall is  

)
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
00 915.0Rayleigh found in 1917:  

Barker and Landrø (2012) suggested to replace R with REQ 



Barker and Landrø (2012) found the following 
expression for the cluster bubble time period:  



Clustered air guns – important to include the water motion  

Barker and Landrø, 2013: Use equipotential surfaces to account for clustering 
effects (submitted to Geophysics) 

Model the bubble time period by this 
technique, further work is needed to 
adapt this modeling approach also for 
amplitudes  

2-gun cluster 



Estimating bubble time periods for inline and 
triangle 3-gun clusters 

Triangle configuration seems to be more effective since bubble 
time increase starts earlier as separation distance decreases 



Calculating the bubble period for n-gun clusters in a circle 

Barker and Landrø, 2013 



Air gun bubble damping by a screen, Langhammer et al., Geophysics 1995 

Notice: More low frequencies 

The bubble oscillations are damped 
significantly 



Damping of secondary bubble oscillations for towed air guns, 
Landrø et al., Geophysics, 1997 



Modeling of water gun signatures  

Landrø et al., 1993, Geophysics 58, 101-109. 

Measured and modeled nearfield 
S80 signatures 



By towing one subarray at 7.5 m depth and the other at 5 m depth, and using firing 
time delays, the P/B –ratio was improved from 5.6 to 9.5.  
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Estimating the source signature 



Estimating the source signature 

Ziolkowski, Parkes, Hatton and Haugland, 1982, The signature of an air-gun 
array: Computation from near-field measurements including interactions, 
Geophysics, 47, 1413-1421.  

For N sources we get N equations like the one above, and then 
we solve for Sj from the N measured near-field measurements 
(pn) 



Farfield test experiment of near-field to far-field 
extrapolation, Landrø, Vaage and Strandenes, 1991, First Break, 9, 375-385. 

Calculated 

Measured Difference 



However, for compact air gun arrays we found 
instabilities:  

Plausible cause: We use a linear 
theory for measurements that are 
made close to each gun, and 
especially the ghost effect is hard to 
model correct assuming linearity 

Reduce this effect by measuring farther away from the sources => 



The ministreamer inversion method: Landrø and Sollie, 1992, 

Geophysics, 57, 1633-1640: Source signature determination by inversion 

Modified Kirkwood-Bethe equation:  

Measure quasi-farfield signatures at a ministreamer below the source array, and invert 
for    





Summary of all tests 

Average :   3.1              2.8 
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Source ghosts and directivity effects 



The source ghost spectrum 



c

fz
fH

g  cos2
sin2)( 

Angle dependency – ghost effect 



Free surface  dipole source 

f=50 Hz, c = 1500 m/s, z = 6 m 



Typical source directivity plots  

Source: PGS (Nucleus) 



Amplitude variations with azimuth 

Source: PGS (Nucleus) 

f = 60 Hz 



Superlong arrays are used to focus energy vertically  

Hossein Mehdi Zadeh, PhD thesis, 
NTNU, 2011 

Ghost effect Array length L 

40 m, 45 Hz 

51 m, 45 Hz 

51 m, 35 Hz 

40 m, 35 Hz 



Finite difference modeling of single gun and long array (L) 

Source: H. M. Zadeh, PhD thesis, NTNU 2011 



Superlong arrays are worse for 
shallow targets – improved for 
deeper 



Vertical and directional far-field signatures & spectra 

cos2 g

N
z

c
f 

Zg 


Notch fequency increases with 
observation angle 



PGS electrical marine vibrator, 2005 



Source: PGS 

AIR GUN VIBRATOR 



Time slice comparison – vibrator versus dynamite 

VIBRATOR DYNAMITE 

Source: PGS 



Marine vibrators and the Doppler effect 
Dragoset, Geophysics, 1988 



Phase:  

Dragoset, Geophysics, 1988 



Correcting for Doppler effect 

Dragoset, Geophysics, 1988 



Comparing marine vibrator and air gun data 

Dragoset, Geophysics, 1988 
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Low frequencies 



Why so difficult to make low frequency 

• Free surface effect – strong for low frequency 

 

• Limit on volume and pressure:  

 

• Vibrators will be big as well 

 



600 cubic inch (both), 6 m depth 

Near field measurements – note that 3-gun cluster gives slightly more energy 
around 2-4 Hz 

Hopperstad et al. EAGE 2012 



Airgun hyperclusters, Hopperstad et al. EAGE 2012 

Theoretical bubble frequecies fit nicely with measured data 
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Gunnerus test –February 2009 Trondheimsfjorden 

TC4047 hydrophone 

¤ 

Zsr 

* The source depth is varied from 3 
to 40 m, and the distance 
between the source and the 
hydrophone is kept constant: Zsr 
= 20m. Water depth is ~300 m . 

Source volume: 600 cubic inch Bolt 
Firing pressure: 2000 psi  



Firing a 600 cubic inch air gun creates a big bubble:  



Bubble is not perfectly sperical 



Band pass filtered (0-2-30-50 Hz) signatures 

Notice: no damping between first and second bubble – then pronounced damping 

Bubble time period decreases with increasing source 
depth => more low frequencies for shallow source 
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Farfield spectra for various source depths 

Analysis window: 0-4 second 

The data has been deghosted  and THEN ghosted to estimate the farfield signature  

Maxima occurs for f=n/(bubble time period), n=1,2,3.. 



Scaled farfield spectra for various source depths 

Analysis window: 0-4 second 

3 m: scaled by 6 
7.5 m scaled by 2 
15: no scaling 
40 m : scaled by 2  



Estimated notional source spectra for various source 
depths (0-4 s) 

Bubble time period for 3 m source depth = 0.16 s => f = 1/0.16 Hz = 6.25 Hz 


