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When atoms are placed into liquids, their optical spectral lines corresponding to the
electronic transitions are greatly broadened compared to those of single, isolated
atoms. This linewidth increase can often reach afactor of more than a million,
obscuring spectroscopic structures and preventing high-resolution spectroscopy,
even when superfluid helium, which is the most transparent, cold and chemically inert
liquid, is used as the host material' . Here we show that when an exotic helium atom
with a constituent antiproton’® is embedded into superfluid helium, its
visible-wavelength spectral line retains a sub-gigahertz linewidth. An abrupt
reductionin the linewidth of the antiprotonic laser resonance was observed when the
liquid surrounding the atom transitioned into the superfluid phase. This resolved the
hyperfine structure arising from the spin-spin interaction between the electron and
antiproton with arelative spectral resolution of two parts in 10%, even though the
antiprotonic heliumresided in a dense matrix of normal matter atoms. The electron
shell of the antiprotonic atom retains a small radius of approximately 40 picometres

during the laser excitation’. This implies that other helium atoms containing
antinuclei, as well as negatively charged mesons and hyperons that include strange
quarks formed in superfluid helium, may be studied by laser spectroscopy with a high
spectral resolution, enabling the determination of the particle masses’®. The sharp

spectral lines may enable the detection of cosmic-ray antiprotons

0o searches for

antideuterons®that come to restinliquid helium targets.

Laser spectroscopy ofantihydrogen®'*and antiprotonic helium atoms

(p“He =4He " +p~ +e")"’haverecently been carried out to investigate
the symmetry between matter and antimatter. These experiments are
complementary to some precision measurements on the properties
of single antiprotons™'. The high precision of these experiments could
onlybeachieved by reducing or eliminating the collisions with normal
atoms that were found to annihilate the antiprotonsin the exoticatoms
or perturb their atomic energy levels and strongly broaden the Iaser
resonances”%. This required forming the antihydrogen or p*He in
magnetic traps or gaseous helium targets of extremely low atomic
density p <10'® cm, so that sharp spectral lines of effectively single
isolated atoms were resolved from which the atomic transition frequen-
cies were precisely determined. Other exotic atoms were found to
accelerate and heat up during their formation, and during collisions
with other molecules®? so that their X-ray spectral lines were broad-
ened. In this work, we instead observed the surprising phenomenon
whereln incontrastto the above previous results on exotic atoms, the
p"'He embedded in superfluid helium (He II) showed visible-wave-
length spectral lines that are narrower than those of many other
implanted stable atoms made of normal matter reported so far. At the
superfluid phase transition temperature where the atomic density of
theliquidislargest, the antiproton laser resonance abruptly narrowed

tosub-GHzlinewidths corresponding to arelative spectral resolution
of 2 x107%, which is more than a factor of 10 narrower than the same
p4He+spectra observedinsupercritical-phase helium of lower density.
This implies that other varieties of helium atoms containing antideu-
terons—or negatively charged mesons and hyperons®thatinclude the
strange quark which cannot be readily decelerated and cooled using
synchrotronsorisolated inion traps—may instead be stoppedin He Il
and measured with a high spectral resolution by laser spectroscopy.
Thefact that the lineshapes areso sensitive to the liquid temperature
and phase suggests thatp“He may be used to study some condensed-

matter effects in superfluid helium?7.

Laser spectroscopy of various atomsimplanted intobulk He llbegan
inthe1980s with the expectation that He II, being cold and inert, would
constitute an ideal host material where the distortions of the atomic
spectral lineswould be small compared to other liquids. Measurements
quickly showed, however, that the visible-wavelength spectral lines
involving the outermost valance orbitals of alkaline®?, alkaline earth**
and lanthanide® atoms embedded in normal liquid helium (He I) and
He Il are nevertheless highly shifted (|Av| = 10* GHz) and asymmetrically
broadened (I"=10°-10* GHz) by a factor greater than or equal to 10°
compared to the typical natural widths of several MHz or less. Other
specific resonances involving electronic excitations from the inner
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Fig.1|Laserspectroscopy of p ‘He' synthesizedinHe 1andHe Iltargets.
a,Radial distribution functions of the antiproton (red curves) and electron (blue
curves) forstates (n, ) =(37,35) and (38, 34) of asingleisolated p 4He+at0m. Here
R,.(r)denotesthe radial componentofthe antiprotonorelectronorbital ata
distancerfromthe heliumnucleus. Laser transitions between the two states
involve anunusually small (Ar, <2 pm) change in the root-mean-square radius of
thelselectronicorbital.b,Energylevel diagramof p “He' indicatingthe

shells of Tm?, Eu®, Cu, Au* and Dy*"*? atoms in He Il showed widths
of I'=4-80 GHz with additional wing structures that were typically
located150-300 GHz away from the main spectral line. The linewidths
of some of these resonances decreased in superfluid helium?-2,
The broad, complex lineshapes have been interpreted by effective
models, some of which involve the formation of bubble-like defects
around various impurities (particularly alkaline, alkaline earth and
rare earth) atoms and molecules.

Theneutral p‘4He+studied here consists of a helium nucleus, an elec-
tronin the 1s ground state, and an antiproton occupying a Rydberg
state of large principal nand orbital angular momentum = n-1quan-
tum numbers. The atom’s longevity in liquid helium targets has been
theoretically and experimentally studied® . The n > 41 antiproton
orbitalsthat extend outside the electron shell with aroot-mean-square
radius r, =40 pm are easily destroyed in collisions with other atoms
and have never been detected. By comparison, the n=30-40 antipro-
ton orbitals lie well within the electron shell (Fig. 1a) and should in
principle bebetter protected, but numerous states were found to like-
wise be destroyed for atoms synthesized in gas targets of moderate
density p =10%°-10* cm (ref. *®) so that laser spectroscopy of antipro-
tonic atoms suspended in liquid targets has not been achieved so far.
In this work we nevertheless detected two transitions (n, £) =
(37,35) > (38, 34) and (39, 35) - (38, 34) at the visible wavelengths
A=726 nm and 597 nm, respectively, that survived inHe l and He Il
targets. The resonance parent states (37, 35) and (39, 35) have micro-
second-scalelifetimes, whereas the daughter state (38, 34) hasanAuger
width 7, = 21 MHz (ref.”; Fig.1b). As the radius of a smglelsolatedp“He
atomis anorder of magnitude smaller (Fig.1a) than the valance orbit-
als of the above-mentioned impurity atoms, and the optical transitions
of the massive antiproton involve remarkably small changes inthe
radius Ar, <2 pm (ref.”) of the electron and the related p4He -“*He
pairwise potentials, we may expect lineshapes that are quantitatively
different from those of other many impurity atoms.

In this work the Antiproton Decelerator of CERN provided a pulsed
beam containing N;=(2-3) x 107 antiprotons withan energy E,= 5.3 MeV
andrepetitionratef, = 8 mHz (Fig.1d). The beam was allowed to traverse
aradio frequency quadrupole (RFQ) decelerator which slowed down
approximately 20% of the antiprotons to E, = 75 keV. A dipole magnet
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positions of the transitions (37, 35) > (38, 34) and (39, 35) - (38, 34). ¢, Signal of
the Cherenkov detector, which corresponds to the time distribution of pHe"
annihilations. Thelaser resonanceisinduced att=1.4 pus after p “He ' formation.
Thelarge number of annihilations at £ = 0 is not shown.d, Experimental layout.
Antiprotons emerging fromaradio frequency quadrupole (RFQ) decelerator
cametorestineitheragaseous orsupercritical phase helium, He I, or He Il target.
The produced pHe'atoms wereirradiated with aresonantlaser pulse (see text).

diverted the slow antiprotons to another experiment. The remaining
approximately 80% missed the longitudinal acceptance of the RFQ
decelerator and emerged with an energy £, = 3.2-5.3 MeV. We con-
structed abeamline to transport the higher-energy antiprotonsto the
position of the helium target and collected spectroscopic data over
severalmonths. The p“He were produced by allowing the antiprotons
tocometorestina35-mmdiameter, hermetically sealed chamber filled
with He l or He Il at temperatures between T=1.49(3) K and 4.15(2) K
(see Methods for a discussion on the experimental uncertainty of the
target temperature and pressure). A separate target filled with helium
of T=5.97(6)-6.4(4) K and maximum pressure p = 555(2) kPa, which
corresponds to the supercritical phase with approximately 70% of the
He I density, was also used.

The 726-nm transition with a small dipole moment d,,= 0.018 a.u.
(a.u., 1 atomic unit = 8.48 x10° C m) was excited by irradiating the
p4He witha50-ns-longlaser pulse of linewidth /7, = 60 MHz and fluence
£=4mJ cm(Fig.1b). For this we used a Ti:sapphire pulsed laser which
was injection-seeded by a continuous-wave (CW) laser. The 597-nm
resonance of d, = 0.24 a.u. was excited by a 50-ns-long laser pulse of
I.s=80 MHz and £ = 0.12 mJ cm™, which was generated by a CW pulse-
amplified dye laser®. The optical frequencies of the seed lasers were
measured with a precision of better than 1 MHz using a femtosecond
frequency comb. A mechanical shutter prevented the residual seed
beam from entering and heating up the target during the intervals
betweenthe antlproton arrivals. The two-body antiprotonic heliumion
(p"’He2 =p+ e ) that remained after Auger emission was rapidly
destroyed by collisions with the surrounding liquid. The resulting spike
(Fig.1c) in the flux of charged pions that emerged from the antiproton
annihilations was measured by an acrylic Cherenkov detector.

Fig.2shows the spectral profiles of the 726-nm resonance measured
at six pressures of the gaseous and supercritical helium targets, which
were obtained by plotting the intensity of theinduced annihilation sig-
nals as a function of the laser frequency. Each point represents data
collected from2-5antiproton pulses. The lineshapes contain contribu-
tions from the 21-MHz natural width’ of the daughter state, the
60-80-MHz laser linewidth, the hyperfine structure arising from the
spin-spin interaction between the electron and antiproton®, power
broadening effects, and the complicated (see below) effects of the
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Fig.2|Resonance profiles of the transition (n, #) =(37, 35) > (38, 34)
synthesized in various targets. Spectral lines measured in gaseous and
supercritical helium (green data points) at pressures p =101 kPa, 231 kPa,

343 kPaand 424 kPa, and temperature T=6.0-6.4 Kshow progressively larger
collisional shifts and broadenings relative to the data’ measured in gas of
p=0.1kPaand T=1.6 K(grey) withalinewidth/, =0.19(3) GHz. The best fits of

interactions with the surrounding helium, combined with the motions
ofthe pHe atoms. The apparent linewidths were obtained by fitting the
spectral profiles with four overlapping Lorentzian functions that were
fixed to the relative positions of the calculated hyperfine intervals®.
This simplified definition of the full width at half maximum (FWHM)
Lorentzian linewidth I} avoided the ambiguities that may arise from a
more specific lineshape model with many parameters. The total uncer-
tainty was taken as the quadratic sum of the statistical uncertainty aris-
ing from the finite number of excited atoms and the systematic
uncertainty. The latter includes contributions from the calibrationand
fluctuations of the target temperature and shifts |Av,,. | <30-60 MHzin
thelaser frequency that are due to spurious modulations that occurred
during the amplification of the laser pulse. The heating effect of the laser
onthe target was investigated using finite-element simulations.

AsshowninFig.2, theresonance profile measuredinadilute gas tar-
getof pressure p = 0.1 kPaand temperature T~ 1.6 K (ref. °) resolves the
hyperfine structure as two distinct peaks. The best fit of four overlap-
ping Lorentzian functionsisindicated by the grey curve withalinewidth
of I = 0.19(3) GHz. When the pressure was increased by three orders
of magnitudetop =101.4(1.4) kPaat T=6.4(4) K, collisions shifted the
resonance centroid by Av=-4.94(5) GHzand broadened the linewidth
to/; =1.24(11) GHz, asexpected. With a further, twofold increase of the
target pressure to p =231.1(1.4) kPa, the broadening became so great
that the hyperfine structure could nolongerbe resolved (green curves).
When the helium transitioned to the supercritical phase uponincreas-
ing the pressure between p = 343(2) kPa and 555(2) kPa (see Extended
Data Table1), the resonance further shifted from Av=-36.7(4) GHz to
-64.4(4) GHz and broadened to such a degree I, =15(2) GHz that the
spectral line could no longer be resolved with a high signal-to-noise
ratio. We used laser beams of fluence £ = 8-9 mJ cm™ to compensate,
and normalized the spectra of Fig. 2 to correct for the corresponding
increase in the laser power.

In liquid helium, however, the spectral lines became far narrower
despite the higher atomic density (Fig. 2). As the He | target was
cooled from T=4.157(15) Kt02.201(17) K, the apparent linewidth rap-
idly decreased from I, =7.7(7) GHz to 2.21(17) GHz (Fig. 3a). A similar
reduction from I, =8.4(1.1) GHz to 3.8(4) GHz was observed for the
597-nmresonance (Fig.3b). This temperature dependence of I, could
be approximated by a single exponential (blue lines); the best fit yielded
reduced x* values of approximately 0.3 and 0.4 for the 726-nm and
597-nm resonances, respectively.

four overlapping Lorentzian functions are shown superimposed on each
spectrum. Spectrallines observedinHe I (blue) of T=4.01K, 3.51K,3.01K and
2.20 Kbecamenarrower as the liquid temperature was reduced. A rapid
reductionofthelinewidthbelow the He Il transition temperature revealed the
hyperfinestructure, with the sharpest spectral lines observed between
T=1.78(2) Kand1.88(2) K (red). Errorbars,1s.d.

An abrupt further narrowing of the linewidth was observed below
the He Il phase transition temperature T, = 2.18 K (Fig. 3a), which unex-
pectedlyrevealed the hyperfine structure (Fig. 2). The highest resolu-
tionof I, =0.91(4)-0.92(4) GHz for the 726-nm resonance was observed
at 7=1.78(2)-1.88(2) K, whereas the 597-nm resonance narrowed to
I, =1.07(11) GHz at T=1.73(2) K (Fig. 3b). At a slightly lower temperature
T=1.49(3) K the linewidths increased by factor of approximately 2 to
I, =1.72(9) GHz and 2.04(15) GHz, respectively. This resulted in the
characteristic temperature dependencies shown in Fig. 3a, b, which
were fitted with parabolas. The spectral resolutions are an order of
magnitude higher than the limits that would be expected according
to the predictions of ab initio theoretical calculations for atoms of
temperature T = 5.4 Kusing the impact approximation of binary colli-
sions*®, which were based on pairwise potentials derived from the
highly precise wavefunctions of p*He " (refs. ). Taken together with
the abrupt narrowing observed at T, thisimplies that collective effects
inthe superfluid narrow the laser resonances below the limit expected
from simple binary atomic collisions.

In gaseous and supercritical helium, the centroids of the two reso-
nances shifted linearly with target density relative to the zero-density
frequencies’® (Fig. 4a and Extended Data Fig. 1a) with gradients
dv/dp =—(4.0-4.5) 10 GHz cm®. This agrees with the results of pre-
vious experiments that were carried out in gas targets of much lower
density®¢, and with the predictions® of the above binary collision

Table 1| Gradients of the collisional shifts of the laser
resonance frequencies of p*He" against target density
(dv/dp) and temperature (dv/dT)

Transition dv/dp (x10?GHzcm?®) dv/dT (GHzK™)

(n,€)>(n',?) Gas, Hel Theory Hel Hell
supercritical

(37,35)~> -3.99(7) -4.67(9) -3.42 3.5(8) 0.75(7)

(38,34)

(39,35)~> -4.52(8) -4.5(2) -4.05 3.9(7) 0.4(1)

(38,34)

Experimental dv/dp values measured in gaseous and supercritical helium, and Hel targets at
temperatures between T=2.7Kand 4.2K are compared with theoretical values' calculated for
binary collisions at T=5.4K. The dv/dT value in Hel represents the best fit to data measured

at temperatures between T=2.2Kand 2.55K. In Hell targets, the dv/dT value decreased by a
factor of 5-10 (see text).
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Fig.3|Linewidths of the spectral profiles of two p *Helaser transitionsasa
functionoftheHe lorHe Iltargettemperature.a,b, The FWHM Lorentzian
linewidths of the transition (n, ) =(37,35) - (38, 34) (a) and (n, £) = (39, 35) >
(38,34) (b).Innormalliquid helium the temperature dependence of the

calculations (Table1). Similar gradients were observed in He l of temper-
aturesbetween T=4.2 Kand 2.8 K. When cooled below 2.5 K, however,
the gradients began to increase in a nonlinear way relative to density,
before abruptly changing sign at the He Il transition temperature T,
(Figs.4b, cand Extended DataFig.1b, ¢). The temperature dependence
of the frequency shifts likewise appear to be roughly linear between
T=2.2Kand2.55K (Fig. 4d and Extended Data Fig. 1d) with gradients
dv/dT=(3.5-3.9) GHz K™, butin He Il the gradients abruptly decreased
by afactor of 5-10 (Table1). The onset of superfluidity thus affects both
the shift and linewidth of the atomic resonances.
Thespectrallineshapes of other neutralatoms implanted into He land
He Ilhave beeninterpreted by simplified effective modelsin which these
impurities reside in bubble-like defects' ® of 1-nm-scale diameters d.
The Franck-Condon principle implies that the excitation of the D1 tran-
sition of an impurity Cs atom, for example, occurs within a fixed con-
figuration of the defect. This is rapidly followed by a more than
Ad, =200 pm expansion of the bubble diameter and some vibrations
that occur on the surface of the bubble with a total energy E,, = 20 meV
(refs. >*°). These vibrations are subsequently damped as some of the
characteristic frequencies v, =100-500 GHz coincide with those of
elementary roton (v, = 180 GHz) and maxon (v,,, = 290 GHz) excitations
of He Il. Because approximately 10 phonons with millielectronvolt ener-
giesareemitted into the surroundingliquid, acontinuous optical spec-
trum of width '=10°-10* GHz is observed. By comparison, laser
transitionsinvolving theinner electron orbitals of Tm, Eu, Cuor Auatoms
cause smaller expansionsind,, and so theresulting spectracontainsharp
‘zerophononlines’ and relatively broad ‘phononwings’ corresponding
to zero and 1-2 phonon emissions, respectively” %, The microscopic
structure of bulk He Il that causes these effects is not fully understood.
Neutron diffraction experiments indicate that less than 10% of the ‘He
atoms occupy the ground state that corresponds to a Bose-Einstein
condensate inatemperature-dependent way*2¢, whereas the remainder
occupy excited states that allow the phonons and rotons to propagate
and interact with the impurities. For SF, (ref. *°) and OCS molecules*
attached to He Il clusters cooled to T<400 mK, sharp rotational reso-
nances at infrared wavelengths A = 10.6 um and 4.85 pm have been
observed. Thisimplies that the molecules canrotate relatively freely in
the superfluidity that arises within the small (10°-10*) number of *He
atoms that comprise these clusters, though the moment of inertia of
the corresponding transitions appear increased by factor 2.7-2.8 com-
paredtoasingleisolated molecule. Compared to the visible-wavelength
spectral lines of many other atoms and molecules embedded in He Il,
the antiprotonic E1 resonances ofﬁ“He+ were distinguished by sym-
metrical and sharp lines that abruptly became narrow at temperatures
below T,. Thisisbelieved to arise fromthe fact that the antiprotonicatom
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linewidth was well approximated by a single exponential (indicated by the blue
curve), whereasin superfluid heliuma characteristic dependence with the
smallest linewidths at temperaturesbetween 7=1.7 Kand 1.9 K was observed.
Errorbars,1s.d.

retainsaradiusr, =40 pmofthe electron shell during the laser excitation’
whichisanorder of magnitude smaller than many other normal neutral
atoms. The perturbations to the surrounding superfluid helium as evi-
denced by the calculated p4He+ - *He pairwise potentials are so small
thatthe spectral lineshapes become sensitive to minute effects, includ-
ingthe abrupt changesin the number densities of elementary excitations
that occur during the superfluid phase transition.

Abroad laser resonance of linewidth =100 GHz corresponding
to arelative resolution I/v= 6 x 10 was recently observed in pionic
helium (*He* =*He* + e + ") atoms that were formed in He Il (ref. *2).
This linewidth mostly arises from the picosecond-scale Auger lifetime
of the resonance daughter state. The present work implies that other
spectral lines involving m*He" states with longer lifetimes may in
principle reach much higher resolutions of approximately 107
Other three-body exotic helium atoms such as neutral kaonic
helium (K*He* = *He?* + " + K*) with a mean lifetime of =10 ns, and
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Fig. 4| Collisional shifts of the resonance frequency of the transition

(n, &) =(37, 35) > (38, 34) observedingas, supercritical phase, He l1and
He Iltargets. a, Shiftsin gaseous and supercritical helium (indicated by green
squares), He I (bluetriangles) and He Il (red circles) targets relative to the
zero-density transition frequency of v, =412,885.133(1) GHz (ref.®) as a
function of the atomic density. b, ¢, Magnified views of a, showing a deviation
fromalinear density dependence at target temperature 7<2.5K. Theresults
ofthe best fits of linear functions on the gaseous and supercritical helium
(greenline)and He I (blueline) dataat 7>2.7 Kare shown superimposed.
Thesize of the correlated uncertainty arising from the conversion of the

liquid helium pressure and temperature into atomic density based on the
International Temperature Scale of 1990 isindicated separately by the single
errorbarlabelled asc.e. (see Methods).d, The temperature dependence shows
anabruptchangeinthegradientdv/dTattheHell transition temperature
T,=2.18K.Errorbars,1s.d.



antideuteronic helium(d*He = *He’" + e+ d ) with a microsecond-
scale lifetime are expected to have atomic structures and diameters
that are comparable to ﬁ4He+. Collisional shifts of the transition
frequencies may limit the precision of future laser spectroscopy exper-
iments on such atoms, but the shifts can be extrapolated to zero den-
sity asshown in Fig. 4.

Anyanomalous excess inthe flux of antiprotons'®" or antideuterons>*
oflowkineticenergy £ <200 MeVin cosmicraysis predicted to constitute
animportantindication of the possible dark matter that decay or anni-
hilate in the halo of the Milky Way****, or primordial black hole evapora-
tionby Hawking radiation**8, The 30-300 litres of coolant He I or He Il
stored in some satellites over many months***°, or alternatively in high-
altitude balloons, correspond to an effective target thickness in which
E <100 MeV antiprotonsreadily cometorestand form p4He+. Some3%
of the antiprotons are captured into long-lived states ofﬁ“He+ thatare
formed in gaseous and liquid helium targets**', On the basis of the results of
the experiment presented here, we estimate that the sharp spectrallines
of these p“He+ may be detected with an efficiency of approximately
107 per stopped antiproton using laser spectroscopy, depending on the
transitions that may be simultaneously interrogated.
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Methods

Gaseous and supercritical phase helium target

The measurements involving the gaseous and supercritical phase helium
targets (Fig. 1d) were carried out using a 35-mm-diameter chamber
made of stainless steel that was designed to withstand inner pressures
p>1MPaatatemperature T=4-6 K. The antiprotons entered through
at,=75-pm-thick window made of annealed titanium that was attached
tooneside of the chamber by vacuum brazing, the laser beam through
a 28-mm-diameter, 5-mm-thick UV-grade sapphire window affixed
on the opposite side. The chamber was mounted on a liquid helium
constant-flow cryostat. The cryostat was shielded from external thermal
radiation by two layers of Cu enclosures, which were each cooled by
either the vapour of the coolant helium or with liquid nitrogen.

The target pressure p was taken as the average between the read-
ings of two capacitive manometers of precision €, =1.4-2.0 kPathat
were in pressure equilibrium with the cryogenic target gas. During
the measurement runs that each lasted 8-14 h, drifts of €5, = 0.2 kPa
were observed when the target pressure was adjusted to p = 100 kPa.
Larger fluctuations €;,. = 1 kPa were seen at a higher target pressure
p =560 kPa. The total uncertainty €,=1.4-2.2 kPaon the target pressure
was taken as the quadratic sum of €, and €.

Acarbon-ceramic sensor*>was mounted on the outer wall of the stain-
less steel chamber which had aspecified precisione, =10 mK.Itsreading
was stabilized toavalue T, = 6.30 Kby regulating the currentapplied toa
nichrome ribbon heater mounted on the heat exchanger of the cryostat
usinga proportional-integral-derivative (PID) controller. The tempera-
ture of the target gaseous or supercritical helium was measured by a
second sensor of reading 7, which was suspended in the target helium.
This T, reading fluctuated by &;,. =10-20 mK during the experimental runs.
Bothsensorswere excited by currents/=10 pAwithaprecision of <10 nA.

We calibrated the T, sensor reading at nine target conditions of the
liquid sealed in the chamber at temperatures between 7, =3.04 K and
4.53 Kby measuring the corresponding He I saturated vapour pressures
between p =34.9(1.4) kPaand 142.2(1.4) kPa using the two manometers.
Atvapour pressures p >120 kPathe T;reading deviated by less than 30 mK
from the expected temperatures T(p) which were calculated using the
programme HEPAK®. The programme was based on the parameterized
state equations of helium according to the International Temperature
Scale 0f1990 (ITS-90)**. This value¢,,.. = 30 mK was taken to be the uncer-
tainty of measuring the gaseous or supercritical heliumtemperature at
the position of the sensor. Deviations between the readings of sensors
T,and T,arose owing to the differences in the thermal conductivities of
the stainless steel chamber and the gaseous or supercritical helium.
From this we estimated that the upper limit of the thermal gradient in
the portion of the helium target where p“‘He+ were produced varied
between &,,,4 =15 mK and 400 mK depending on the target pressure.
Theuncertainty became particularly large (&,,,4 = 400 mK) at the lowest
pressure p =101 kPa used in this experiment. The total uncertainty
&r=40 - 400 mK of the temperature T of the gaseous and supercritical
phase targets was taken to be the quadratic sum of the uncertainties
£¢ 1 Eprecr Enue AN E,q. The target pressure and temperature were con-
verted to atomic density p with an average uncertainty of 0.1% and a
maximum uncertainty of 0.5%>** using the HEPAK programme®,

Thermometry of He land He Il target

The Heland He Il target was a diameter d = 35 mm chamber made of
oxygen-free high conductivity (OFHC) copper. The antiprotons entered
throughat¢, =50-pm-thick Tiwindow, whereas the laser beam entered
through a35-mm-diameter fused silicawindow that was vacuum-brazed
onthe chamber. The chamber was mounted on the above constant-flow
cryostat, and coolant liquid helium was circulated and evaporated by
mechanical booster and rotary vane pumps with pumping speeds of
500 m*h™and 200 m® h™}, respectively. A carbon-ceramic sensor®
was suspended in the target liquid helium (Fig. 1d) which was isolated

from the coolantliquid, and excited with a current/=10 pA. During the
spectroscopy experimentsinvolving the He I target, the sensor readout
was stabilized within &;,. = 2-11 mK by either regulating the current
applied to anichromeribbon heater mounted on the heat exchanger,
or by adjusting the flow conductance through abutterfly throttle valve
placed upstream of the pumps witha PID controller. The readout fluc-
tuation measured in the He Il target was &g, = 2-5 mK.

The 7th-degree polynomial calibration function used to convert the
sensor resistance totemperature was obtained fromthe best fiton calibra-
tiondatameasured at 24 temperaturesbetween 7, =1.5K and 297 Ksome
36 months prior to the pHe' experiments. Every ~24 h during the laser
spectroscopy measurements, the sensor reading 7; was calibrated at the
vapour-He I-He Iltriple point which was takentobe 7, =2.1768 K (ref. >°).
A second sensor of identical design, which was calibrated
3-4months prior to the experiment, was placed at roughly the same posi-
tioninthetargetliquid. Asits reading 7, was within 3 mK of the literature
value of T, we used T, to calibrate the T, reading. Insome of the calibration
measurements, we stabilized the target temperature and pressureonthe
vapour saturation line of helium. The sensor readings were found to agree
with the expected literature values within the £, =10 mK precision speci-
fied by the manufacturer and the uncertainty of the measured pressure.
Thetemperature-dependent part of the uncertainty related to this calibra-
tion procedure involving the two sensors varied between e,=4 mK ata
target temperature7=4.16 K and ¢,=24 mK at T=1.49 K.

Thetotal uncertainty e; =12-27 mK of the liquid target temperature
Twas obtained as the quadratic sum of the above uncertainties €,, &,
Equc AN & Here £, = 5 mK denotes the maximum temperature gra-
dient that may arise owing to the heating effect of the laser in the por-
tion of the target volume where antiprotons came to rest (see below).
The calibrated temperatures and uncertainties are provided in
Extended Data Tables 1, 2.

Heating of He 1and He Il target by laser beam

The pair of sensors suspended inthe He land He Il target detected no
substantial temperature excursions that coincided with the single laser
pulsethatarrived every110-120 s. In Extended Data Fig. 2a the spatial
distribution of antiprotons that came to rest in the He Il target calcu-
lated by a Monte Carlo simulation based on the GEANT4 package® is
shown. The emittance and energy distributions of the antiproton beam
emerging from the RFQ decelerator was estimated by a particle-tracing
programme*® and used in the simulation. The ﬁ4He+atoms were found
to form within a volume located 2-3 mm away from the Ti window.

Wethen carried out finite-element simulations based on the COMSOL
package®*° to estimate the upper limits of the thermal gradients that
aroseinthe He Itarget owingto the heating of the laser beam. We chose
tosimulate He l of temperature 7= 2.3 Kwhich has a particularly small
specific heat, conductivity and viscosity*. The dominant heat transport
processintheHe Iwas dueto convection, and so aninfinite-plate approx-
imation including the effects of gravity and temperature-dependent
density was used to simulate the laminar convective flows.

In the simulation, a 70-ns-long laser pulse deposited 70% of its
E=10 mj energy into the entrance foil. Some ~0.8 s prior to the arrival
of the antiprotons, a mechanical shutter opened and allowed part
of the CW seed laser beam of power /=200 mW to enter the target.
The actual intensity of the CW laser beam during the experiment is
estimated to be less than10% of this value. The shutter was closed some
1safterantiprotonarrival, and was not reopened until the next arrival
119 s later. Small integration steps in time At = 0.01 s were used when
the lasers were either turned on or off. Meshes with cell sizes of less
than 50 um were used to calculate the flow and heat transport of the
He Ilocated near the Ti window.

The simulations showed that the largest heating occurred in a thin
layer of He I that was located within a distance of d = 0.7 mm from the
entrance foil. Less than 1% of the p* He" were estimated to form in this
region, whereas the remainingatoms were distributedinareaswithmuch



less heating. The pHe" with microsecond-scale lifetimes were destroyed
well before the volume that includes the atoms could be considerably
heated; the residual temperature excursion when the next antiproton
pulse arrived at the target was AT <4 mK (Extended Data Fig. 2b).

Particle detectors

A 300 x100 x 20 mm? Cherenkov detector made of UV-transparent
acrylicwas mounted near the cryostat so that it covered asolid angle of
~1.6m steradian seen from the experimental target (Fig.1d). The charged
particles (mostly pions) that emerged from the antiproton annihilations
inthe target traversed the detector. The resulting flash of Cherenkov
light was detected by a gateable fine-mesh photomultiplier® with a
17.5-mm-diameter bialkali photocathode and high dynamic range.
The waveform of this signal was recorded by a digital oscilloscope of
vertical resolution 8 bits, analogue bandwidth f;, = 4 GHz, and digital
sampling rate f, =5 gigasamples per s.

The horizontal and vertical spatial profiles of the antiproton beam
were measured by a pair of beam profile monitors® which were posi-
tioned between the RFQ decelerator and target. Asmall fraction of the
beamwasintercepted by agrid of 20-um-diameter tungsten-rhenium
wires that were plated with gold. The resulting secondary electron
emission was measured by charge-sensitive preamplifiers. Pairs of
dipole magnets were tuned to carefully steer the antiprotons into the
experimental target.

Laser systems

The 726-nm laser pulses were generated by an injection-seeded
Ti:sapphire laser®. The system was based on a CW Ti:sapphirering laser
that was pumped by the second harmonic of a single-mode Nd:YVO,
laser. The optical frequency of the CW laser was stabilized against a
Ti:sapphire femtosecond frequency comb with a precision of better
than 1 MHz (ref. ¢*). The CW seed beam was injected into a triangular
Ti:sapphire cavity of 0.8-m circumference, which was pumped by a
Q-switched Nd:YAG laser to produce 40-50-ns-long laser pulses of
energy £ =10 mJ. Thelaser pulses of wavelengths A =842 nm and 471 nm
whichwere used tosearchfortheresonances (n, £) = (38, 35) - (39, 34)
and (37,34) ~> (36, 33), respectively, were also generated by this laser
system. No statistically significant signal corresponding to the two
transitions were observed for ﬁ4He+produced inHe Itargets, presum-
ably owingto the high rate of collisions in He I that destroyed the anti-
proton populations in the related states.

The 597-nm laser pulses were generated by a CW pulse-amplified
dye laser. A ring CW dye laser utilizing arhodamine 6G dye solution
dissolvedin ethylene glycol was pumped by anargonion laser. This seed
beam was then amplified to £=2-3 mJin an18-mm-long rectangular dye
cell, followed by a30-mm-long Bethune dye cell filled with rhodamine B
dye dissolved inmethanol. The cells were pumped from the transverse
direction by a Q-switched, single-longitudinal-mode Nd:YAG laser® of
E =180 m). The frequency modulationinduced in the optical frequen-
cies of the Ti:sapphire and dye lasers during pulse amplification was
not more than |Av,, |= 30 MHz®* and 60 MHz, respectively.

The laser beams were expanded by a telescope and collimated by a
pair of 25-mm-diameter irises placed at a distance of about 3 m from
each other. The laser fluence of the 25-mm-diameter laser beam was
measured behind the downstream iris.

Resonance spectra

The resonance profiles of the transition (n, £) = (37, 35) > (38,34) ata
wavelength A =726 nm measured in gaseous and supercritical helium,
Hel,and He Iltargets are shownin Extended DataFig. 3. The tempera-
tureand pressure of the target used in each measurement areindicated
inthe corresponding plot. Each data pointinthe spectrarepresents data
collected from 2-5 antiproton pulses. The best fit of four overlapping
Lorentzian functions are shown superimposedinthe spectra measured
ingaseous or supercritical helium (indicated using green curves), He |

(blue curves) or He Il (red curves) targets. The relative positions of the
Lorentzian functions Avys =-0.9070 GHz,-0.8808 GHz, 0.8690 GHz
and 0.8783 GHz were fixed to the theoretical values corresponding to
the hyperfine intervals®, whereas the antiproton populations were
assumed to be equally distributed among the magnetic sublevels.
The corresponding profiles of the (39, 35) > (38, 34) resonance at
A=597 nmareshownin Extended DataFig. 4 withthe hyperfine intervals
fixed to Avys =—0.2795 GHz,-0.2386 GHz,0.2409 GHzand 0.2546 GHz".

The full width at half maximum (FWHM) Lorentzian widths I,
obtained from these fits (see Extended Data Tables 1, 2) avoided the
ambiguities that may arise from a more specific and complicated
lineshape model with numerous parameters. The total experimen-
tal uncertainty denoted as ‘(total)’ in Extended Data Tables 1, 2 is the
quadratic sum of the statistical uncertainty ‘(stat)’ arising from the
finite number of excited atoms in the experimental target that were
detected by the Cherenkov detector, and systematic uncertainties.
The systematic uncertainty is taken as the quadratic sum of the uncer-
tainty ‘(fluc)’ that arose from fluctuations of the target temperature,
and shifts ‘(1as)’ of up to 30 or 60 MHz in the laser frequency that are
due to spurious modulations that were induced during the pulsed
amplification in the Ti:sapphire and dye lasers, respectively.

The spin-averaged transition frequencies that were determined
from the best fit of the above four overlapping Lorentzian functions
are shown in Extended Data Tables 1, 2. The systematic uncertainty
‘(fit)’ related to the selection of this simplified fit function was esti-
mated by fitting the spectra with an alternative and more complicated
model involving four overlapping Voigt functions that were fixed to
the relative positions of the above hyperfine intervals. The Gaussian
width of the Voigt function was varied between zero and the Doppler
width arising from the Maxwellian thermal motions of the atoms that
corresponded to the target temperature 7. The maximum difference
of the centroid frequencies determined by the Lorentzian and Voigt
functions were taken as the systematic uncertainty, ‘(fit). The total
uncertainty ‘(total)’ on the transition frequency was then taken as the
quadratic sum of the statistical uncertainty ‘(stat)‘ and the systematic
uncertainties that include the contribution from ‘(fit)‘ and the above
laser modulation ‘(las)’ =30 or 60 MHz.

Data availability

All data are available from the corresponding author on reasonable
request.
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gaseous and supercritical helium (greenline) and He I (blue line) data at
T>2.7Kareshownsuperimposed. The size of the correlated uncertainty
arising from the conversion of the liquid helium pressure and temperatureinto
atomic density based on the International Temperature Scale of1990 is
indicated separately by the errorbar labelled as c.e. (see text).d, The temperature
dependence shows anabrupt changeinthe gradientdv/dTatthe He Il
transitiontemperature 7,=2.18 K. Error bars, 1s.d.

Extended DataFig.1| Collisional shifts of the resonance frequency of the
transition (n, €) =(39, 35) > (38, 34) observedingasandsupercritical
phasehelium, He 1and He Iltargets. a, Shiftsin gaseous and supercritical
helium (indicated by green square markers), He I (blue triangles), and He Il
(redcircles) targetsrelative to the zero-density transition frequency of

v, =501,948.753(2) GHz’ as a function of the atomic density. b,c Magnified
views of a, showing a deviation fromalinear density dependence attarget
termperature 7<2.5K. Theresults of the best fits of linear functions on the
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Extended Data Table 1| Frequency centroids and FWHM Lorentzian linewidths of the (n,€)=(37,35)-> (38, 34) resonance of
wavelength A=726 nm at various target phases and densities

Temperature 7' Density p Frequency centroid v Lorentzian linewidth 'y,
(K) (102 cm™3) (GHz) (GHz)
Gaseous helium target
6.4(4) 0.126(12) 412880.19(5)(3)(3)(2) 1.24(11)(10)(3)(3)
6.06(6) 0.39(1) 412869.65(16)(16)(3)(2) 4.85(74)(73)(3)(11)
Supercritical phase helium target
5.97(6) 0.90(7) 412848.39(38)(37)(3)(2)  15.4(1.9)(1.7)(0.03)(0.8)
5.97(5) 1.34(6) 412832.09(41)(41)(3)(1) 15.5(1.9)(1.8)(0.03)(0.5)
6.03(4) 1.61(2) 412820.72(42)(42)(3)(2)  15.0(1.8)(1.8)(0.03)(0.3)
He-I target
4.157(15) 1.898(5) 412811.11(16)(16)(3)(2)  7.7(7)(7)(0.03)(2)
4.007(16) 1.938(4) 412808.74(17)(17)(3)(2) 6.7(7)(7)(0.03)(2)
3.757(14) 1.996(4) 412806.59(12)(12)(3)(2)  6.2(5)(5)(0.03)(1)
3.508(14) 2.046(3) 412804.34(11)(10)(3)(2)  4.8(4)(4)(0.03)(1)
3.259(14) 2.089(3) 412802.04(7)(6)(3)(2) 4.41(28)(24)(3)(14)
3.010(12) 2.125(2) 412800.42(8)(7)(3)(2) 3.82(28)(26)(3)(10)
2.762(15) 2.156(3) 412798.95(9)(9)(3)(2) 3.30(37)(35)(3)(13)
2.516(16) 2.180(3) 412797.32(9)(8)(3)(2) 2.71(34)(34)(3)(2)
2.368(16) 2.191(2) 412796.85(6)(5)(3)(2) 2.64(22)(22)(3)(2)
2.270(12) 2.196(2) 412796.49(5)(4)(3)(1) 2.50(16)(15)(3)(2)
2.241(16) 2.198(2) 412796.44(5)(3)(3)(3) 2.21(12)(12)(3)(1)
2.211(17) 2.199(2) 412796.20(7)(6)(3)(1) 2.20(26)(26)(3)(1)
2.201(17) 2.199(2) 412796.25(5)(4)(3)(1) 2.21(17)(16)(3)(1)
He-II target
2.143(17) 2.196(2) 412796.07(5)(3)(3)(3) 1.55(10)(10)(3)(1)
2.074(19) 2.194(2) 412796.04(4)(1)(3)(2) 1.18(6)(5)(3)(1)
1.977(19) 2.191(2) 412795.96(4)(1)(3)(2) 0.96(4)(3)(3)(1)
1.880(20) 2.189(2) 412795.90(4)(1)(3)(2) 0.92(4)(3)(3)(1)
1.783(22) 2.188(2) 412795.82(4)(1)(3)(2) 0.91(4)(2)(3)(2)
1.657(24) 2.186(2) 412795.73(4)(1)(3)(2) 1.18(5)(4)(3)(2)
1.542(26) 2.185(2) 412795.65(4)(2)(3)(2) L.51(8)(7(3)(2)
1.494(27) 2.185(2) 412795.56(4)(3)(3)(2) 1.72(9)(8)(3)(2)

Values in parentheses for the frequency centroid v show the 1s.d. total, statistical, laser-related and fit uncertainties (total)(stat)(las)(fit). Values in parentheses for the Lorentzian linewidth
. show the 1s.d. total, statistical, laser-related and temperature fluctuation uncertainties (total)(stat)(las)(fluc); see text. The zero-density transition frequency was previously determined as

Vvo=412,885.133(1) GHz °.
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Extended Data Table 2 | Frequency centroids and FWHM Lorentzian linewidths of the (n, €)= (39, 35)~> (38, 34) resonance of

wavelength A=597 nm at various target phases and densities

Temperature I Density p Frequency centroid v Lorentzian linewidth ',
(K) (102 cm™3) (GHz) (GHz)
Gaseous helium target
6.4(4) 0.125(12) 501943.27(7)(4)(6)(1) 1.89(21)(19)(6)(4)
6.04(4) 0.44(1) 501930.10(17)(16)(6)(1)  5.63(82)(80)(6)(18)
Supercritical phase helium target
5.97(5) 0.77(5) 501912.12(41)(40)(6)(1)  21.1(2.2)(2.1)(0.06)(0.7)
6.03(4) 1.61(2) 501876.56(43)(43)(6)(1) 18.2(2.2)(2.1)(0.06)(0.3)
He-I target
4.007(16) 1.938(4) 501865.03(22)(21)(6)(1)  8.4(1.1)(1.1)(0.06)(0.2)
3.508(16) 2.046(4) 501860.30(25)(24)(6)(2)  7.1(1.5)(1.5)(0.06)(0.1)
3.010(15) 2.125(3) 501856.53(16)(15)(6)(2)  5.75(71)(69)(6)(13)
2.516(16) 2.180(3) 501853.57(15)(14)(6)(1)  4.91(51)(51)(6)(3)
2.368(16) 2.191(2) 501852.79(13)(11)(6)(1)  3.92(42)(42)(6)(2)
2.201(17) 2.199(2) 501852.33(13)(11)(6)(1) 3.76(40)(40)(6)(2)
He-II target
2.143(18) 2.196(2) 501852.39(8)(5)(6)(1) 2.00(22)(21)(6)(1)
2.074(18) 2.194(2) 501852.33(8)(5)(6)(1) 1.75(17)(16)(6)(1)
1.977(19) 2.191(2) 501852.40(8)(5)(6)(1) 1.31(19)(18)(6)(1)
1.831(21) 2.188(2) 501852.30(7)(3)(6)(1) 1.20(12)(11)(6)(1)
1.734(22) 2.187(2) 501852.27(7)(2)(6)(1) 1.07(11)(10)(6)(1)
1.638(24) 2.186(2) 501852.28(6)(2)(6)(1) 1.21(11)(9)(6)(1)
1.542(26) 2.185(2) 501852.10(7)(3)(6)(1) 1.94(15)(14)(6)(1)
1.494(27) 2.185(2) 501852.10(7)(3)(6)(1) 2.04(15)(14)(6)(1)

Values in parentheses for the frequency centroid v show the 1s.d. total, statistical, laser-related and fit uncertainties (total)(stat)(las)(fit). Values in parentheses for the Lorentzian linewidth
. show the 1s.d. total, statistical, laser-related and temperature fluctuation uncertainties (total)(stat)(las)(fluc); see text. The zero-density transition frequency was previously determined as
v,=501,948.753(2) GHz°.
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