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Introduction
Hystory of the experiments
A. Discovery of the long-lived (µs) antiprotonic states in helium (1991, KEK, Japan)
B. Detailed study of the metastable states (LEAR@CERN until 1996, AD@CERN since 2000):
1. Observation and study of the DATS (Delayed Annihilation Time Spectra)
2. Laser-induced transitions of antiprotons in metastable states
3. MW–induced transition between HFS-states in 4He and 3He by the triple resonance method
(laser-microwave-laser)
Primary goal of the MW experiments: to measure the HFS transition frequencies in order to
determine fundamental properties of the antiproton ( magnetic moment, e/m, ...) by comparison
with high-precision 3-body QED calculations.
By-product of the experiments: Data on the collisional transition (relaxation) rates, collisional
shifts and broadenings of M1-transitions between HFS states.

Theoretical problem: Impact of collisions (p¯He+) + He on the transition rates, shifts and
broadening of the spectral lines between HFS.
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Hyperfine structure of a state (n, L)
left: (p̅ 4He+ )

right: (p̅ 3He+ )

We will enumerate the states by energy position of the levels bottom-up (|1>, |2>, etc)
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Previous model of Interaction between (p¯He+) and He atom
(G.Ya. Korenman and S.N. Yudin)

𝐕𝐧𝐋𝚲,𝐧𝐋𝚲′ (𝐑) = 𝐕𝟎 (𝐑)𝛅𝚲𝚲′ + 𝐕𝟐

𝟒𝛑 ∗
𝐘𝟐𝐪 (𝛀𝐑 )
𝟓

(𝐑) ∑⟨𝐋𝚲′ 𝟐𝐪|𝐋𝚲⟩√
𝐪

where R is a vector of relative coordinates between two sub-systems.
V0(R) and V2(R) ~ 𝟏⁄𝐑𝟔 at large 𝐑, 𝐕𝟐 (𝐑) → 𝟎 at 𝐑 → 𝟎.
Radial dependencies of scalar and tensor interactions are similar, except for a very
small distance,
𝑽𝟎 (𝐑) = −𝑪𝟔

(𝑹𝟐 − 𝑹𝟐𝒄 )

,
𝟒
(𝑹𝟐 + 𝑹𝟐𝟎 )

𝑽𝟐 (𝐑) = 𝑮𝟔

(𝑹𝟐 − 𝑹𝟐𝒄 )
(𝑹𝟐 +

(𝟏
𝟒
𝑹𝟐𝟎 )

− 𝐞𝐱𝐩[−𝜼𝑹𝟐 ]

Parameter η is a large enough (∼ 10 a.u.) in order to exclude an effect of
the parameter at R > 1 a.u.
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Two sets of the parameters:
(A)

C6 = 2.82, r0 = 2.8, rc = 3.0 a.u. (from our fitting of the density shifts of

E1-transitions nL → n′L′ = L ± 1),
(B)

C6 = 3.35, r0 = 0.707, rc = 4.75 a.u. as estimations based on ab initio

calculations of the potential energy surface.
Ratio G6/C6 in the first calculations was -0.37, but it was reduced to -0.125 with
account for experimental data for broadening of M1 lines and pon(td)/poff(td)
for (¯pHe+)LFJ, (n,L)=(37,35).
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This paper: Interaction between (p¯He+) and He atom as
Potential Energy Surface (PES) from ab initio calculations
PES calculation
1. The energy of three electrons Ee(r, R, cos θ), as well as internal energies of

antiprotonic and ordinary atoms were calculated in the unlimited Hartree-Fock
approximation taking into account electron-electron correlations in the second order
of the perturbation theory. An extended set of molecular basis functions aug-ccpV5Z was used, taking into account correlations and valence polarization.
2. Numerical calculations were carried out in accordance with an original program

using the RI ("resolution of identity") method for calculating the integrals of
electron-electron interactions, which significantly reduces the computational cost in
the Hartree-Fock approximation when considering large systems or systems with a
large number of configurations.
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̅𝐇𝐞+ − 𝐇𝐞):
Interaction (𝐩
𝟒
𝟐
𝐕(𝐑, 𝐫, 𝐜𝐨𝐬 𝛉) =
−
+ 𝐄𝐞 (𝐑, 𝐫, 𝐜𝐨𝐬 𝛉) − 𝐄He − 𝐄𝐩̅He
|𝐑 + 𝛎𝐫| |𝐑 − 𝛌𝐫|
Expansion in Legendre polynomials 𝑷𝒌 (𝒄𝒐𝒔 𝜽):
𝐕(𝐑, 𝐫, 𝐜𝐨𝐬 𝛉) = ∑𝐤 𝐕 𝐤 (𝐑, 𝐫)𝐏𝐤 (𝐭 𝐜𝐨𝐬 𝛉),

𝐕 𝐤 (𝐑, 𝐫) =

𝟐𝐤+𝟏
𝟐

𝟏

∫−𝟏 𝐕(𝐑, 𝐫, 𝐜𝐨𝐬 𝛉)𝐏𝐤 (𝐜𝐨𝐬 𝛉)𝐝 𝐜𝐨𝐬 𝛉

Integration over the antiprotonic coordinate
∞

𝐤( )
𝐕𝐧𝐥
𝐑 = ∫ 𝐕 𝐤 (𝐑, 𝐫)𝐑 𝐧,𝐥 (𝐫)𝐑 𝐧,𝐥 (𝐫)𝐫 𝟐 𝐝𝐫
𝟎

̅
𝐑 𝐧,𝐥 (𝐫) – radial WF of 𝐩
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COMPARISON V 0 (R) OF THE MODEL AND AB INITIO POTENTIALS FOR 4HE (N=37, L=35)
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Close coupling equation
𝚭𝐜′′ (𝐑) + [𝒌𝒄 𝟐 + 𝑳𝒄 (𝑳𝒄 + 𝟏)⁄𝑹𝟐 ]𝒁𝒄 (𝑹) = 𝟐𝑴 ∑ 𝑽𝒄𝒄′ 𝒁𝒄′ (𝑹)
𝒄′

where the multi-index c denotes a set of quantum numbers, k c = √2M(E − εc ), E is the
kinetic energy of the system, εc - level splitting energy, L is the angular momentum of the
̅𝐇𝐞+ − 𝐇𝐞).
relative motion (𝐩
From the numerical solution of the equation we obtain S-matrix of the transitions
between HFS states that allows to obtain: cross sections
𝛑
𝟐𝐉 + 𝟏
′
′
𝛔(𝐅 𝐉 → 𝐅𝐉) = 𝟐 ∑
|〈𝐅𝐣𝐥|𝐒𝐉 |𝐅 ′ 𝐣′ 𝐥′ 〉 − 𝛅𝐅𝐅′ 𝛅𝐣𝐣′ 𝛅𝐥𝐥′ |𝟐
𝐤 ′ 𝟐𝐣 + 𝟏
𝐥,𝐥 ,𝐣

shifts and broadenings of M1- spectral lines
′

𝛄 + 𝐢∆= 𝐍𝛑 ∑ (𝟐𝐉𝟏 + 𝟏)(𝟐𝐉𝟐 + 𝟏)(−𝟏)𝐋+𝐋 {
𝐋𝐋′ 𝐉𝟏 𝐉𝟐

𝐉𝟏 𝐉𝟐 𝟏 𝐉𝟏 𝐉𝟐 𝟏
}{
}∗
𝐣𝟐 𝐣𝟏 𝐋 𝐣𝟐 𝐣𝟏 𝐋′

𝐉
𝐉
< 𝐯𝐤 −𝟐 [𝛅𝐋𝐋′ − 〈𝐧𝐥𝐅𝟏 𝐣𝟏 𝐋|𝐒𝐈𝟏 |𝐧𝐥𝐅𝟏 𝐣𝟏 𝐋〉〈𝐧𝐥𝐅𝟐 𝐣𝟐 𝐋′ |𝐒𝐈𝐈𝟏 |𝐧𝐥𝐅𝟐 𝐣𝟐 𝐋′ 〉] >,
where S-matrix with subscript I (II) corresponds to the collision before (after) radiative
M1 transition F ′ J′ → FJ.
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Reduced rates of some collisional transitions between the HFS for 4He
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Reduced rates of some collisional transitions between the HFS for 3He
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Collisional broadening for 4He (left) and 3He (right)
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Collisional shifts for 4He (left) and 3He (right) are very small
(out of the experimental detection)
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Temperature dependence of the transition rates for 4He (left) and 3He (right)
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Temperature dependence of the collisional broadening for 4He (left) and 3He (right)
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Comparison of the model and ab initio transition rates averaged over thermal motion
for 4He (left) and 3He (right)
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Comparison of the model and ab initio broadenings averaged over thermal motion
for 4He (left) and 3He (right)
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̅ 𝟑𝐇𝐞+ )𝟑𝟔,𝟑𝟒 at p=250 mbar and T=6
Rates of elementary collisional HFS transitions in (𝐩
K (N=𝟑 × 𝟏𝟎𝟐𝟎 𝒄𝒎−𝟑 ).
Transition type
Single electron
spin-flip
Single nucleus
spin-flip
̅ spin-flip
Single 𝐩
Double spin-flip

Triple spin-flip

Levels in
transitions
1 ↔ 7, 2 ↔ 8,
3 ↔ 5, 4 ↔ 6
1 ↔ 3, 2 ↔ 4,
5 ↔ 7, 6 ↔ 8
1 ↔ 2, 3 ↔ 4,
5 ↔ 6, 7 ↔ 8
1 ↔ 4, 1 ↔ 5,
1 ↔ 8,
2 ↔ 3, 2 ↔ 6,
2 ↔ 7,
3 ↔ 6, 3 ↔ 7,
4 ↔ 5,
4 ↔ 8, 5 ↔ 8,
6↔7
1 ↔ 6, 2 ↔ 5,
3 ↔ 8, 4 ↔ 7

𝝀𝒊𝒋 , 𝒔−𝟏
~1.0
× 106
~1.5
× 106
~2.0
× 106
~1.0
× 103

𝚫𝒊𝒋 ,
𝒔−𝟏 (*)

𝜸𝒊𝒋 ,
𝒔−𝟏 (*)

~2.5
× 104

~3.0
× 106

~1.0
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̅ 𝟒𝐇𝐞+ )𝟑𝟕,𝟑𝟒 at p=250 mbar and T=6
Rates of elementary collisional HFS transitions in (𝐩
K (N=𝟑 × 𝟏𝟎𝟐𝟎 𝒄𝒎−𝟑 ).

Transition
type
Single electron
spin-flip
Single
antiproton
spin-flip
Double spinflip

Levels in
transitions
1 ↔ 3, 2 ↔ 4
1 ↔ 2, 3 ↔ 4

1 ↔ 4, 2 ↔ 3

𝝀𝒊𝒋 , 𝒔−𝟏
~0.6
× 106
~0.7
× 106

𝚫𝒊𝒋 ,
𝒔−𝟏 (*)

𝜸𝒊𝒋 ,
𝒔−𝟏 (*)

~1.0
× 104

~1.9
× 106

~0.7
× 103

*) For allowed M1-transitions
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The values 𝝈𝐯, 𝛿 И Γ (a.u.) for the transition J −+ → J ++ , 4He, averaging for thermal
motion at T=6 K

model
ab initio

𝛔𝐯 × 𝟏𝟎𝟕
𝟒. 𝟕𝟔
𝟏. 𝟏𝟏

𝜹 × 𝟏𝟎𝟗
𝟒𝟎. 𝟓𝟑
𝟔. 𝟔𝟒

𝛄 × 𝟏𝟎𝟕
𝟏𝟐. 𝟎𝟐
𝟐. 𝟎𝟑

The values 𝝈𝐯, 𝛿 И Γ (a.u.) for the transition J −−+ → J +−+ , 3He, averaging for thermal
motion at T=6 K

model
ab initio

𝛔𝐯 × 𝟏𝟎𝟕
𝟑. 𝟒𝟒
𝟎. 𝟕𝟖

𝜹 × 𝟏𝟎𝟗
𝟏𝟑. 𝟕𝟓
𝟑. 𝟎𝟏

𝛄 × 𝟏𝟎𝟕
𝟏𝟓. 𝟎𝟕
𝟏. 𝟓𝟔
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Time evolution of the density matrix

;

Left: spectral curve of the annihilation signal after delayed (350 ns) laser pulse vs. MWI frequency
for 4He
Right: experimental values of the annihilation signals vs. delay time repeated laser pulse
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Master Equation:
𝐝𝛒𝐢𝐣
𝐢
= 𝛚𝐢𝐣 𝛒𝐢𝐣 + [𝐖𝟎 𝐜𝐨𝐬 𝛚𝐭 , 𝛒]𝐢𝐣 − 𝐢𝛌рад 𝛒𝐢𝐣 + 𝐢 ∑ 𝐑 𝐢𝐣𝐤𝐦 𝛒𝐤𝐦 + 𝛅𝐢𝐣 + 𝛅𝐢𝐣 𝛃𝟎
𝐝𝐭
𝐤𝐦

Relaxation Matrix R using secular and “rotation wave” approximations:
𝐑 𝐢𝐣𝐤𝐦 = 𝐑 𝐢𝐢𝐢𝐢 𝛅𝐢𝐣 𝛅𝐢𝐤 𝛅𝐤𝐦 + 𝐑 𝐢𝐢𝐤𝐤 𝛅𝐢𝐣 𝛅𝐤𝐦 (𝟏 − 𝛅𝐢𝐤 ) + 𝐑 𝐢𝐣𝐢𝐣 𝛅𝐢𝐤 𝛅𝐣𝐦 (𝟏 − 𝛅𝐢𝐣 )
𝐑 𝐢𝐢𝐢𝐢 = − ∑𝐣 𝛌(𝐢 → 𝐣), 𝐑 𝐢𝐢𝐣𝐣 = 𝛌(𝐣 → 𝐢), 𝐑 𝐢𝐣𝐢𝐣 = −𝛄𝐢𝐣 − 𝐢∆𝐢𝐣 ,
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Dependence of 𝑝𝑜𝑛 (𝐹+ , 𝑡𝑑 )/𝑝𝑜𝑓𝑓 (𝐹+ , 𝑡𝑑 ) on frequency detuning at 𝑡𝑑 =350 ns for
and 3He.

4

He
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𝜌𝑜𝑛
⁄𝜌𝑜𝑓𝑓 of the lower sublevels with/without MW field versus
second laser delay for 4He (left) and 3He (right).
Ratio of populations
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SUMMARY
1. The values of the transition rates and collisional broadenings
obtained with the ab initio potential are several times less than those
obtained with the model potential
due to: the repulsion and minimum regions of the model potential are
shifted to smaller distances, and the well depth is greater than that of the
ab initio potential.
2. Rates of collisional HFS transitions in antiprotonic 3He and 4He are
comparable by order of value for the similar types of transition,
for model potential:
single spin-flip transitions 106 s-1,
double spin-flip transitions 103 s-1,
triple spin-flip transitions 100 s-1
at T=6 K, N=3*1020 cm-3.
Isotope effect for the similar transitions gives a factor of about 1.5- 2.
The same tendency is observed for the ab initio potential.
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3. Collisional shifts of the M1 spectral lines are very small (less than
the achieved experimental accuracy).
4. Collisional broadening of the M1 spectral lines at T=6 K, N=3*1020
cm-3 is about 0.3 MHz for 4He, 0.4 MHz for 3He for the model potential and
an order less for the ab initio one. These values consist up to 18 % of the
total line widths. Total widths of the spectral lines are calculated by
solving a master equation for the density matrix of the system in the MW
radiation that take into account Fourier width and collisional broadening.
The obtained total widths are compatible with the observed values.
5. Collisional transition rates, shifts and broadenings of M1 spectral
lines are decreasing by several times with increasing the temperature
from 2 K to 10 K due to the resonance scattering of antiprotonic helium on
He atom at energy about 3-4 K for 4He and 1 K for 3He.
6. Dependence of the ratio pon/pof on td for 4He, as well as this value at
td =350 ns for 3He, are in agreement with the corresponding experimental
results for the both kinds of the potentials.
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