G Cerchiari 
  
P Yzombard 
  
A Kellerbauer 
email: kellerbauer@cern.ch
  
Laser-assisted evaporative cooling of anions

would allow the laser to be red-detuned for Doppler selection 273 of the hottest particles. This would enhance both the selectiv-274 ity and the efficiency of the overall cooling process.

(Dated: May 12, 2020) We report the first cooling of atomic anions by laser radiation. O -ions confined in a linear Paul trap were cooled by selectively photodetaching the hottest particles. For this purpose, anions with the highest total energy were illuminated with a 532 nm laser at their maximal radial excursion. Using laser-particle interaction, we realized a both colder and denser ion cloud, achieving a more than threefold temperature reduction from 1.15 eV to 0.33 eV. Compared with the interaction with a dilute buffer gas, the energy-selective addressing and removal of anions resulted in lower final temperatures, yet acted 10 times faster and preserved twice as large a fraction of ions in the final state. An ensemble of cold negative ions affords the ability to sympathetically cool any other negative ions species, enabling or facilitating a broad range of fundamental studies from interstellar chemistry to antimatter gravity. The technique can be extended to any negative ion species that can be neutralized via photodetachment.

Laser cooling, which reduces the kinetic energy of neutral or charged particles, is one of the most important experimental tools in atomic physics. It allows the cooling of particle beams or ensembles to temperatures below that of the surrounding apparatus, well below 1 K. Ultracold temperatures are a prerequisite for many groundbreaking applications, such as ultraprecise clocks [1], quantum information [2], quantum computation [3], or the study of matter waves with Bose-Einstein condensates [4,5]. In the case of charged particles, laser cooling enables the formation of Coulomb crystals, regularly ordered structures that form when the electrostatic interaction prevails over thermal motion [6]. One interesting application of laser-cooled ultracold ions is the sympathetic cooling of another particle species. For instance, highly charged 40 Ar 13+ ions have been cooled into an ordered crystalline structure suitable for precision spectroscopy by interacting with Be + ions at mK temperatures [7]. Other state-of-the-art experiments have combined trapped ions with a magneto-optical trap in such a way that the laser-cooled neutral atoms constitute a buffer medium which cools the trapped ions by collisions [8,9].

In negative ions, the electronic binding is characterized by a short-range potential instead of the infinite-range Coulomb potential. Because of their fragile nature, the laser cooling of negative ions has not yet been achieved. Laser-cooled anions would open the field of ultra-precision studies to a new kind of system. Furthermore, they could be used to sympathetically cool any other negatively charged particles [10]. In the case of antimatter, a neutral buffer medium cannot be used for cooling due to the risk of annihilation, whereas the repelling electric charge of anions would prevent them from annihilating with antiprotons. In this way, a sample of ultracold antiprotons could be prepared by collisions with laser-cooled negative ions. Antihydrogen subsequently formed with these antiprotons would have almost the same low temperature due to the large mass ratio of antiproton to positron. This antihydrogen production technique would open the way for a variety of high-precision antimatter experiments. For instance, a beam of antihydrogen at ≈ 100 mK is a prerequisite for an antimatter gravity measurement to test the weak equivalence principle using a moiré deflectometer [START_REF] Kellerbauer | In-305 strum[END_REF].
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Due to the weak binding of the valence electron, only very 46 few atomic [12,13] or molecular [START_REF] Yzombard | Com-313 parat[END_REF]15] anions are amenable 47 to laser cooling. Recently, La -has been identified as the most 48 promising atomic-anion candidate to date [16,17]. The po-49 tential Doppler cooling transition has been fully characterized 50 [18,19]. The existence of a dark state, as well as photode-51 tachment of the excited La -by the cooling laser, impose an for atoms [21] and, to a lesser extent, ions [22]. Evaporative The experiments reported here were carried out with O - 71 ions (electron affinity E A = 1.4611136( 9) eV [23], using the 72 most recent conversion factor from m -1 to eV [START_REF] Tiesinga | The 333 2018 CODATA recommended values of the fundamental physi-334 cal constants (web version 8.0[END_REF]) confined 73 in a linear Paul trap. The trap, the trapping method, as well 74 as the detection technique are described in detail in Ref. [START_REF] Cerchiari | [END_REF].
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Briefly, the linear trap is composed of four cylindrical parallel 76 electrodes (rods). A cross-sectional view is shown in Fig. 1.
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The rods have a diameter of 14.8 mm and a distance between ), where m is the anion mass [START_REF] Drewsen | [END_REF].
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The systematic uncertainty of the radial position was esti-135 mated by a Monte Carlo simulation to be of the order of 10%.
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This uncertainty and that of V pp affect all acquisitions simi- 

I(x) = I 0 √ πw exp (x -d) 2 + z 2 w 2 , (1) 
where w = 0.35 [START_REF] Cerchiari | [END_REF] mm is the diameter of the beam waist and 151 d is the displacement of the laser beam in the x direction.
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The pressure in the experiment chamber is about 5 × We then positioned the laser beam to remove anions at a distance d = 1.5 mm from the trap axis (minima of the red line in Fig. 2, maximum cooling) and measured the storage time as a function of the laser power from 6 mW to 27 mW. Figure 3 shows that, as expected, the lifetime of the anions decreases due to photodetachment. The decrease in the number of ions was modeled with an exponential decay law with a constant fraction N cont = 1.3 × 10 3 to account for contaminant ions that resist photodetachment:

N = N 0 exp - t τ + N cont . (2) 
The fit results of the ion lifetimes are indicated in Tab. I.

As mentioned above, the ion temperature of the trapped anions decreases even without laser irradiation, due to cooling by collisions and thermalization with residual gas. However, Fig. 4 shows that the cooling rate is strongly enhanced by the detachment laser. The thermalization curve was fitted with the following expression:

T = (T 0 -T ∞ ) exp - t θ + T ∞ , (3) 
where T 0 is the starting temperature, T ∞ is the asymptotic final temperature, and θ is the characteristic cooling time. The parameters obtained from the fits are given in Tab. II. The cool- The measurements with the laser on were acquired with the laser beam positioned at d = 1.5 mm (Eq. 1). Data sets with laser on and off denoted with the same symbols were taken contemporaneously under otherwise identical conditions. Solid lines are fits to the data using the function of Eq. 2 
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  upper limit of 100 K on the initial temperature. Starting from 53 that temperature, an ensemble of La -ions could be cooled to 54 the Doppler temperature T D = 0.17 µK within a few seconds. 55 When ions are loaded into an ion trap, they typically have 56 temperatures of several ten thousand K. In order to precool 57 them to the starting temperature for Doppler cooling, we have 58 implemented a scheme based on the selective laser photode-59 tachment of the hottest trapped particles, as suggested almost 60 thirty years ago [20]. This technique is a variant of evapora-61 tive cooling, which is a well-established cooling mechanism 62
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  cooling by photodetachment is only applicable to (atomic or 64 molecular) anions, because neither cations nor negative sub-65 atomic particles can be removed from an ion trap by photode-66 tachment. In this Letter we report the successful cooling of 67 O -ions with this technique, employing geometrical selection. 68 This is the first demonstration of the direct cooling of a nega-69 tive ion species using optical radiation.
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 1 FIG. 1. Schematic drawing of the linear Paul trap. Ions enter the trap from the left and exit towards the MCP detector to the right.

  137 larly. Therefore, these systematic uncertainties are omitted in 138 all graphs. The axial ejection was not locked to the RF phase, 139 and no dependence of the measured ion temperature on this 140 (arbitrary) phase was observed. 141 The laser beam with a Gaussian radial profile is focused 142 into the trap region using a biconvex lens with focal length 143 300 mm located 294(1) mm from the focus. The position of 144 the laser beam inside the trap is adjusted by displacing the 145 lens in the plane perpendicular to the light propagation. In a 146 Cartesian reference frame (x, y, z), where the trap is aligned 147 with the z axis and the laser light propagates in the y direction, 148 the expression for the laser beam intensity I as a function of 149 the x coordinate is thus 150

153 10 -FIG. 2 .

 102 FIG.2. Final anion temperature as a function of the lens (and hence laser beam) displacement from the trap axis after 12 s of laser illumination. Vertical dashed lines indicate the lens positions at which neither ion heating nor cooling occurs.

FIG. 3 .

 3 FIG. 3. Number of O -ions in the trap as a function of storage time.The measurements with the laser on were acquired with the laser beam positioned at d = 1.5 mm (Eq. 1). Data sets with laser on and off denoted with the same symbols were taken contemporaneously under otherwise identical conditions. Solid lines are fits to the data using the function of Eq. 2
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 563 FIG.5. Anion temperature as a function of the fraction of ions remaining in the trap. The number of remaining anions is normalized to the initial population before cooling. Error bars are comparable to the size of the data points. Solid lines are second-order polynomial fits and are meant to guide the eye.

TABLE I .

 I Lifetime parameters extracted using Eq. 2 with and without laser illumination. Grouped data sets were taken under similar conditions. FIG.4. Temperature of O -anions in the trap as a function of storage time. The measurements with the laser were acquired with d = 1.5 mm (Eq. 1). Solid lines are fits to the data using the function of Eq. 3.

	Laser power	N 0 × 10 -4	τ (s)
	OFF		1.51(5)	113(7)
	6mW		1.51(4)	34(1)
	OFF		1.67(4)	117(6)
	11 mW	1.67(4)	25.1(9)
	OFF		1.82(2)	86(4)
	27 mW	1.74(5)	13.0(6)
		1.2		
		1.0		
	temperature (eV)	0.8 0.6	laser OFF	
			laser ON 6 mW	
		0.4	laser ON 11 mW laser ON 27 mW	
		0.1	1	10	100
			storage time (s)

TABLE II .

 II Starting temperature, asymptotic final temperature and cooling time obtained from the fit of Eq. 2 to the data of Fig.4.

	Laser power	T 0 (eV)	T ∞ (eV)	θ (s)
	OFF		1.105(7)	0.75 a	85(5)
	6 mW		1.08(2)	0.35(1)	69(4)
	11 mW	1.09(1)	0.363(7)	40(2)
	27 mW	1.12(2)	0.338(7)	16.8(7)
	a Parameter obtained from fit of Fig. 5 and held fixed for this fit
		1.2		
		1.0		
	temperature (eV)	0.6 0.8	laser OFF	
			laser ON 6 mW	
			laser ON 11 mW	
		0.4	laser ON 27 mW	
		1	0.5	0.25	0.125
			remaining fraction of anions
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