
🌑 By shifting where in the vacuum chamber the ball is located, we can shift the perturbation in 𝜙 
from the ball, as is illustrated below.

✶ ‘Left’ and ‘Right’ refer to the two potential positions for the ball.
✶ The left image shows the chameleon field inside the vacuum chamber; at zero at the 

walls of the chamber (±z), at a maximum where the atoms are positioned in the centre.
✶ The right image is a depiction of the set up as seen from above – the grey disc shows the 

walls of the vacuum chamber with a hazy atom cloud in the centre, and the two positions 
of the ball are labelled.

🌑 The gradient of 𝜙 induced by the ball results in a small acceleration towards the ball, 𝑎𝜙. 
🌑 What we actually measure is the phase 𝜑, which is related to the acceleration of the atoms by

🌑 By measuring 𝜑 for different positions of the ball we can see if this acceleration 𝑎 changes, thus 
whether there is any sign of a changing gradient of 𝜙.	
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Chameleon theory
Dark energy:

🌑 Makes up over two-thirds of our universe,
🌑 Seems to be driving the expansion of the universe on large scales,
🌑 Doesn’t seem to have any effect near the Earth.

One solution for this is a so-called ‘chameleon’ field:

🌑 A dynamic scalar field which is suppressed in regions of high matter density.
✶ So we cannot detect it on or near the Earth.
✶ However, can take a much higher value in the vacuum of space.

We can describe the non-relativistic steady-state of such a field by1 

Experimental concept

Experimental setup
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✶ Λ is the strength of the self-interaction
✶ 𝜌 is the local matter density
✶ 𝑀 is the coupling between chameleons   

and ‘normal’ matter.

Launching atoms
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' = 2 k · a T 2

2019 2023 Est. improvement

Number of atoms per 
second ~106 ~108 100	x

Interferometer contrast 21% 61% 3	x

Phase uncertainty ~220	mrad/shot ~50	mrad/shot 4	x

Overall measurement 
sensitivity

~𝟔𝟎	𝛍𝐦/𝐬𝟐/ 𝐇𝐳	 ~𝟒	𝛍𝐦/𝐬𝟐/ 𝐇𝐳	
* projected

> 𝟏𝟎	𝐱

🌑 There have been a number of improvements made to the experiment since the 2019 
acceleration measurement of 𝑎𝜙 = −77 ± 201	nm/s2. 

🌑 Here are some major ones, with their values and estimated impact recorded in the table.
✶ Number of atoms loaded per second
✶ Interferometer contrast, calculated by

           

▻ Where      is the maximum/minimum population in the F=2 state, related to the 
phase difference 𝜑 by

 

✶ Phase (𝜑) uncertainty

Improvements

🌑 With the projected measurement sensitivity, we would be able to reproduce the 
result from 2019 in 4 hours, rather than the 49 hours that was required then.
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🌑 The chameleon field 𝜙 is large in a vacuum, however very small near mass. 

🌑 This means that, in a vacuum chamber, the chameleon field 𝜙 will be:
✶ At its maximum 𝜙𝑏𝑔 in the centre of the vacuum chamber,
✶ Near zero at the walls of the chamber

🌑 If we place an aluminium ball inside the vacuum chamber, then it will perturb 
𝜙, reducing it to near zero on the surface of the ball.

🌑 Our interferometer scheme is a three-pulse Mach-Zehnder interferometer
✶ The first pulse that puts the atoms into a superposition of two states, the second pulse that swaps their states, and the final pulse recombines the wavepackets.
✶ We measure the relative number of atoms in the upper state vs the lower state after the interferometer, and use this to find the phase.

🌑 The atoms are in free-fall between the first/second, and then second/third pulses. This is the T in the equation above.
✶ The phase depends on the square of this free-fall time, and so increasing it is an obvious way of increasing your sensitivity.

🌑 In order to measure the state of the atoms at the end, the atoms must be visible to our photodiode. In a free-fall configuration, our atoms fall outside the detection region after 32ms.
🌑 However, by launching the atoms, we can effectively double the distance available for the atoms to travel, doubling the free-fall time, quadrupling the potential sensitivity. 

Time after
launching (ms)

5      10        15    20       25         30      35         40   45       50        55     60         65   701

Launch height

Initial height 
1.7mm

Height (mm) Height (mm)

🌑 At the bottom is a schematic3 showing our Raman optics system, showing the polarisation 
of the two Raman beams. We are assuming that all our atoms start in F=1 in the 
magnetically insensitive mF=0 state.

<latexit sha1_base64="xIetqmxj3jVkL5OEH9PLxfSwwmc=">AAACDHicbVDLSsNAFJ34rPXRqEs3g0VwISURX5tCUSguK9gHtCFMptN26MwkzEyEEPoL/oBb/QN34tZ/8Af8DidtFrb1wIXDOfdyLieIGFXacb6tldW19Y3NwlZxe2d3r2TvH7RUGEtMmjhkoewESBFGBWlqqhnpRJIgHjDSDsZ3md9+IlLRUDzqJCIeR0NBBxQjbSTfLvXGRKf1qnvG/XrVmfh22ak4U8Bl4uakDHI0fPun1w9xzInQmCGluq4TaS9FUlPMyKTYixWJEB6jIekaKhAnykunj0/giVH6cBBKM0LDqfr3IkVcqYQHZpMjPVKLXib+53VjPbjxUiqiWBOBZ0GDmEEdwqwF2KeSYM0SQxCW1PwK8QhJhLXpai4lGiWKYpUV4y7WsExa5xX3qnL5cFGu3eYVFcAROAanwAXXoAbuQQM0AQYxeAGv4M16tt6tD+tztrpi5TeHYA7W1y8Qq5sq</latexit>

|F = 1,mF = 0i

<latexit sha1_base64="hcxslttx399ITDZZRNc1vczteO8=">AAACDHicbVDLSsNAFJ3UV62PRl26CRbBhZSk+NoUikJxWcE+oA1hMp20Q2cmYWYihNBf8Afc6h+4E7f+gz/gdzhps7CtBy4czrmXczl+RIlUtv1tFNbWNza3itulnd29/bJ5cNiRYSwQbqOQhqLnQ4kp4bitiKK4FwkMmU9x15/cZX73CQtJQv6okgi7DI44CQiCSkueWR5MsEqb9do585p1e+qZFbtqz2CtEicnFZCj5Zk/g2GIYoa5QhRK2XfsSLkpFIogiqelQSxxBNEEjnBfUw4Zlm46e3xqnWplaAWh0MOVNVP/XqSQSZkwX28yqMZy2cvE/7x+rIIbNyU8ihXmaB4UxNRSoZW1YA2JwEjRRBOIBNG/WmgMBURKd7WQEo0TSZDMinGWa1glnVrVuapePlxUGrd5RUVwDE7AGXDANWiAe9ACbYBADF7AK3gzno1348P4nK8WjPzmCCzA+PoFEkqbKw==</latexit>

|F = 2,mF = 0i
<latexit sha1_base64="/UcyXTfzvxE/+N4CyrC6b9Io6yY=">AAACBHicbVDLTsJAFL3FF+ILdelmIjFxhS0RdUl04xKjPAw0ZDoMMGGmbWamJk3D1h9wq3/gzrj1P/wBv8MpdCHgSW5ycs69ufceL+RMadv+tnIrq2vrG/nNwtb2zu5ecf+gqYJIEtogAQ9k28OKcubThmaa03YoKRYepy1vfJP6rScqFQv8Bx2H1BV46LMBI1gb6bGK7nuJc1aZ9Iolu2xPgZaJk5ESZKj3ij/dfkAiQX1NOFaq49ihdhMsNSOcTgrdSNEQkzEe0o6hPhZUucn04Ak6MUofDQJpytdoqv6dSLBQKhae6RRYj9Sil4r/eZ1ID67chPlhpKlPZosGEUc6QOn3qM8kJZrHhmAimbkVkRGWmGiT0dyWcBQrRlQajLMYwzJpVsrORbl6d16qXWcR5eEIjuEUHLiEGtxCHRpAQMALvMKb9Wy9Wx/W56w1Z2UzhzAH6+sXyeOYVw==</latexit>

5S1/2

<latexit sha1_base64="Slc3KpIbPEvN54cXJJtbCeJMSjI=">AAACBHicbVDLTsJAFL3FF+ILdelmIjFxhS2KuiS6cYmJPAw0ZDpMYcLMtJmZmpCGrT/gVv/AnXHrf/gDfoctdCHgSW5ycs69ufceL+RMG9v+tnIrq2vrG/nNwtb2zu5ecf+gqYNIEdogAQ9U28OaciZpwzDDaTtUFAuP05Y3uk391hNVmgXywYxD6go8kMxnBJtEeqyiei8+P6tMesWSXbanQMvEyUgJMtR7xZ9uPyCRoNIQjrXuOHZo3Bgrwwink0I30jTEZIQHtJNQiQXVbjw9eIJOEqWP/EAlJQ2aqn8nYiy0Hgsv6RTYDPWil4r/eZ3I+NduzGQYGSrJbJEfcWQClH6P+kxRYvg4IZgoltyKyBArTEyS0dyWcDjWjOg0GGcxhmXSrJSdy3L1/qJUu8kiysMRHMMpOHAFNbiDOjSAgIAXeIU369l6tz6sz1lrzspmDmEO1tcvyD+YVg==</latexit>

5P3/2

1.13 GHz

6.8 GHz

f1
f2

References

🌑 We use Rubidium-87 atoms, specifically measuring the difference in populations 
between the 5S1/2 F=1 and F=2 hyperfine states.

🌑 To move between the two levels we use Raman light, with the 5P3/2 as our intermediate 
state, as shown in the graphic to the right.

🌑 We measure the population of the F=2 state (P2), and plot it against the acceleration (as 
a voltage)  measured by a classical accelerometer (MEMs) stuck on the back of the 
Raman mirror and build up a fringe. (example shown underneath.)

Beam Dump

QWP QWPPBCMirror

MEMs f2

f1f1

f2
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