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Helium Droplets: Cold But 
Not Ultracold Samples

Cold 4He atoms (sub-Kelvin temperatures):

Two-body (real-time dynamics) → today’s topic…

Three-body (three-body Efimov state;                
no real-time dynamics) → see Pascal Naidon’s talk…

Size-selected nozzle beam 
expansion experiments and
theory



Basic Concept

Prepare universal 
initial state (i.e., 
state that is 
dominated by s-
wave scattering 
length).

Interrogate the 
initial state: fast 
and intense pump 
laser that takes the 
system out of  
equilibrium.

Wait for a variable time 
(delay) and apply even 
shorter and more 
intense probe laser that 
allows us to look at 
time-evolved system.
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Basic Concept

Prepare universal 
initial state (i.e., 
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dominated by s-
wave scattering 
length).

Interrogate the 
initial state: fast 
and intense pump 
laser that takes the 
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equilibrium.
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Sort of  like…

From vectorstock.com



Two Exciting Fields

(ultra)cold atoms:
universal physics

fast intense
lasers

(ultra)cold atoms:
universal physics

fast intense 
lasers

One may hope: Two good things combined should be better than two good 
things separated...

But you may object: Aren’t we just gonna blow everything up?

Yes, we will… and it’s fun and useful...



Selected Works in This 
Direction

(ultra)cold atoms:
universal physics

fast intense 
lasers



Helium Dimer

• Using modern Born-Oppenheimer potential:
• 4He-4He bound state energy 𝑬𝒅𝒊𝒎𝒆𝒓 = −𝟏. 𝟔𝟐𝟓 𝐦𝐊.
• Two-body s-wave scattering length 𝒂𝒔 = 𝟏𝟕𝟎. 𝟖𝟔 𝐚𝟎.

• Question: Is the 4He dimer universal?

1 K = 8.6 x 10−5 eV
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• Question: Is the 4He dimer universal?

• Strategy: 
• Convert to consistent set of units.
• Dimer energy according to zero-range theory (one-parameter 

theory).
• Correction? Dimer energy according to effective-range theory 

(two-parameter theory → need second parameter).

1 K = 8.6 x 10−5 eV



Helium Dimer

• Using modern Born-Oppenheimer potential:
• 4He-4He bound state energy 𝑬𝒅𝒊𝒎𝒆𝒓 = −𝟏. 𝟔𝟐𝟓 𝐦𝐊.
• Two-body s-wave scattering length 𝒂𝒔 = 𝟏𝟕𝟎. 𝟖𝟔 𝐚𝟎.

• Question: Is the 4He dimer universal?

• Convert 𝑬𝒅𝒊𝒎𝒆𝒓 to atomic units: 𝑬𝒅𝒊𝒎𝒆𝒓 = −𝟓. 𝟏𝟒𝟕 1 𝟏𝟎(𝟗 𝐚. 𝐮.

• Zero-range theory: 𝑬𝒅𝒊𝒎𝒆𝒓 = − ℏ𝟐

𝒎 𝒂𝒔𝟐
= −𝟒. 𝟔𝟗 1 𝟏𝟎(𝟗 𝐚. 𝐮. (≈91%)

• Include effective range correction (𝒓𝒆𝒇𝒇 = 𝟏𝟓. 𝟐 𝐚𝟎): 

𝑬𝒅𝒊𝒎𝒆𝒓 = − ℏ𝟐

𝒎 𝒓𝒆𝒇𝒇
𝟐 𝟏 − 𝟏 − 𝟐𝒓𝒆𝒇𝒇

𝒂𝒔

𝟐

= −𝟓. 𝟏𝟕 1 𝟏𝟎(𝟗 𝐚. 𝐮. (≈100%)

1 K = 8.6 x 10−5 eV



Visualizing The Difference

• Using modern Born-Oppenheimer potential:
• 4He-4He bound state energy 𝑬𝒅𝒊𝒎𝒆𝒓 = −𝟏. 𝟔𝟐𝟓 𝐦𝐊.
• Two-body s-wave scattering length 𝒂𝒔 = 𝟏𝟕𝟎. 𝟖𝟔 𝐚𝟎.
• Zero-range theory: probability = 𝟐

𝒂𝒔
𝐞𝐱𝐩 −𝟐 𝒓

𝒂𝒔
.
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• Using modern Born-Oppenheimer potential:
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Small scales…

Large scales…



More Background on the 
Helium System

• Dimer:
• 4He-4He bound state energy Edimer = −1.625mK. 
• No J > 0 bound states.
• Two-body s-wave scattering length as = 170.86a0.
• Two-body effective range reff = 15.2a0 (alternatively, two-

body van der Waals length rvdW = 5.1a0).

• Trimer:
• Two J = 0 bound states with Etrimer = −131.8mK and 
−2.65mK.

• No J > 0 bound states.

• Binding energy of liquid helium is E/N = −7K. 

1 K = 8.6 x 10−5 eV

?
Discussed in Pascal
Naidon’s talk.



Grating serves as mass selector (N times atom mass m).
For fixed order n, larger N yields smaller angle 𝜽.

How to Prepare Helium 
Clusters?

Science 266, 
1345 (1994)



What Is The Order Of  Magnitude 
Of  The Deflection Angle 𝜽?



What Is The Order Of Magnitude 
Of The Deflection Angle 𝜽?

Need to know thermal de Broglie wave length.

Use diffraction order 𝒏 = 𝟏.
From previous slide: 𝒅 = 𝟐𝟎𝟎 𝐧𝐦 = 𝟐, 𝟎𝟎𝟎 Å.

For 𝝀 = 𝟏 Å (can be adjusted somewhat by changing nozzle 

temperature), we find 𝐬𝐢𝐧 𝜽 = 𝝀
𝒅
≈ 𝟏 Å
𝟐,𝟎𝟎𝟎 Å

= 𝟎. 𝟓 1 𝟏𝟎(𝟑. 

Thus, 𝐬𝐢𝐧 𝜽 ≈ 𝜽 ≈ 𝟎. 𝟓 𝐦𝐫𝐚𝐝 (𝐭𝐡𝐢𝐬 𝐢𝐬 𝐬𝐦𝐚𝐥𝐥!).

Recall:



Observation of  Helium 
Dimer: 4He2

Nozzle temperature and pressure 
can be adjusted. Kornilov, Toennies, 
10.1051/epn:2007003

Fragile helium dimer forms in beam 
and can be isolated.
Schoellkopf  and Toennies, Science 
266, 1345 (1994)

monomer 
peaks



Pump-Probe Spectroscopy of 
Isolated Helium Dimers 

Pump pulse: pulse length of  311 fs and intensity of  1.3 × 1014 W/cm2.
Probe pulse rips off  two electrons (Coulomb explosion).

What do we expect to happen as a function of  the delay time???



What Do The Numbers Mean? 

Pump pulse: pulse length of  311 fs and intensity of  1.3 × 1014 W/cm2.
Probe pulse rips off  two electrons (Coulomb explosion).

What do we expect to happen as a function of  the delay time???

Binding energy of  1mK corresponds to 𝟓𝟎 𝐧𝐬 = 𝟓 1 𝟏𝟎𝟕 𝐟𝐬. The 311 fs 
pump laser is extremely short compared to the natural time scale of  
the helium dimer: laser pulse acts as a “kick.” 

Solar:  
𝟏𝟎𝟑𝐖
𝐦𝟐 .

Laser pointer:  
𝟏𝟎𝟔𝐖
𝐦𝟐 .

Pump pulse: 𝟏. 𝟑 1 𝟏𝟎
𝟏𝟑𝑾
𝐜𝐦𝟐 = 𝟏. 𝟑 1 𝟏𝟎

𝟏𝟕𝐖
𝐦𝟐 .

Roughly, we need to worry about electronic degrees 

of  freedom at intensities > 𝟏𝟎𝟏𝟓𝐖
𝐜𝐦𝟐 (probe pulse).

Field axis

Laser pulse 
prepares 
new initial 
state (not 
an eigen
state).



What Does The Pulse Do To 
Helium Dimer?

molecule

laser polarization

𝜽

Without the laser, the 
molecule is spherically 
symmetric (no alignment): 
The helium dimer has 
vanishing relative orbital 
angular momentum.

(positive)
alignment

anti-
alignment

Will show: Helium dimer can be aligned. 
However, since the 𝑱 > 𝟎 partial wave 
components are not bound, they will 
“run away” (dissociative wave packet).
Heavier non-universal dimers behave 
very differently.



Pump-Probe Experiments: 
Field Induced Alignment

Long history of electric-field induced alignment of molecules: 
Unique rotational dynamics for molecules such as I2, N2,…

E.g., “Colloquium: Aligning molecules with strong laser 
pulses", RMP 75, 543 (2003) by Stapelfeldt and Seideman, 
>1000 citations:

“We review the theore+cal and experimental status of intense laser 
alignment—a field at the interface between intense laser physics and 
chemical dynamics with poten+al applica+ons ranging from high 
harmonic genera+on and nanoscale processing to stereodynamics and 
control of chemical reac+ons.”

Work on helium dimer adds “physical dynamics” to the list!



Alignment signal of 1/3 = 
spherically symmetric.
“Rotational revivals” require
particular phase relation: 
𝑬𝑱 = 𝑩𝟎𝑱 𝑱 + 𝟏 − 𝑫𝟎𝑱𝟐(𝑱 + 𝟏)𝟐.

Pulse length 𝟓𝟎 𝐩𝐬. 

Intensity 𝟐. 𝟓 ×𝟏𝟎𝟏𝟐 𝐖
𝐜𝐦𝟐 .

Adiabatic regime. 

Alignment 𝒄𝒐𝒔𝟐𝜽
for N2

Pulse length 𝟓𝟎 𝐟𝐬. 

Intensity 𝟐. 𝟓 ×𝟏𝟎𝟏𝟑 𝐖
𝐜𝐦𝟐. 

Impulse regime.pulse

pulse

pulse

Torres et al., 
PRA 72, 

023420 (2005)



“Kicking” the 4He2: 
Pump-Probe Experiments

Entirely new regime: 

Recall: 4He2 dimer supports exactly one (extremely weakly-bound) 
state. State is largely universal.
What happens when one applies short (~310fs), intense (~1014W/cm2) 
kick? 

Separation of  time scales (binding energy of  1mK corresponds to 
50ns): 
Kick is non-adiabatic (quench); in fact, we can simulate it by a delta-
function pulse. 

Variety of  theory predictions:
Friedrich et al., Collect. Czech. Chem. Commun. 63, 1089 (1998); Nielsen et al., PRL 82, 
2844 (1999); Bruch, JCP 112, 9773 (2000).



Theoretical Treatment: 
Laser-Molecule Interaction

dipole-dipole 
interaction

Question: Which of  
these “configurations” 
is energetically favored?



Theoretical Treatment: 
Laser-Molecule Interaction

dipole-dipole 
interaction

Question: Which of 
these “configurations” 
is energetically 
favored?

repulsive
attractive



Theoretical Treatment:
Laser-Molecule Interaction

𝑽𝒍𝒎 couples different 
partial waves.

ab initio

ab initio

Ab initio:
Cencek et al.,
JCP 135, 
014301 (2011)

Analytical: Buckingham and 
Watts, Mol. Phys. 26, 7 (1973)



Theoretical Treatment
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𝑱 = 𝟎

𝑱 = 𝟒
𝟐

Laser-molecule interaction:

𝑽𝒍𝒎 = −
𝟏
𝟐
𝜺𝟐(𝒕) 𝜶 𝑹 𝒀𝟎𝟎(T𝑹) + 𝜷(𝑹) 𝒀𝟐𝟎(T𝑹)

Gaussian profile

Solve time-
dependent 
Schroedinger
equation using 
spherical 
coordinates:
𝜳 𝑹, 𝜽, 𝒕

= X
𝑱:𝟎,𝟐,…

𝒖𝑱 𝑹, 𝒕
𝑹

𝒀𝑱𝟎(T𝑹)

Pulse couples 
different partial 
waves.
When pulse is off, 
the channels are 
decoupled.

𝜷

𝜶

Dimer potential 𝑽𝒆𝒇𝒇,𝑱 𝑹 = 𝑽𝑯𝒆(𝑯𝒆 𝑹 + ℏ𝟐𝑱(𝑱>𝟏)
𝟐𝝁𝑹𝟐

initial density
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4He-4He In Time-Dependent 
Electric Field

time in ps

In what follows, the initial state will be the 𝑱 = 𝟎
eigenstate of the zero-field Hamiltonian of 4He-
4He system.

Scenario 1 (non-adiabatic laser kick): 

𝜺 𝒕 = 𝜺𝟎 𝐞𝐱𝐩 −𝟐 𝐥𝐧𝟐
𝒕(𝒕𝒓𝒆𝒇
𝝉

𝟐
; 𝝉 ≈ 𝟑𝟎𝟎fs.

Scenario 2 (“slow”): Gaussian turn-on, 
hold for several ps, Gaussian turn-off.

J=0

J=42

flux

Solve time-
dependent 
Schroedinger
equation using 
spherical 
coordinates:
𝜳 𝑹, 𝜽, 𝒕

= X
𝑱:𝟎,𝟐,…

𝒖𝑱 𝑹, 𝒕
𝑹

𝒀𝑱𝟎(T𝑹)

Laser couples 
different partial 
waves.
When laser is off, 
the channels are 
decoupled.



Scenario 1: Theory Result

Solve time-
dependent 
Schroedinger
equation using 
spherical 
coordinates:
𝜳 𝑹, 𝜽, 𝒕

= X
𝑱:𝟎,𝟐,…

𝒖𝑱 𝑹, 𝒕
𝑹

𝒀𝑱𝟎(T𝑹)

Pulse couples 
different partial 
waves.
When pulse is off, 
the channels are 
decoupled.

Interference between J=0 and J=2 partial 
waves. J=2 portion “travels” on structureless 
background.



Origin Of  The Interference 
Pattern?

Expand: 

&

Plug in: 



Interference Pattern Due To 
𝑱 = 𝟎 and 𝑱 = 𝟐 Phases

Only plotting
𝑱 = 𝟎 and 2

Alignment signal 𝒄𝒐𝒔𝟐𝜽 can be interpreted as measuring 𝜸𝟐 𝑹, 𝒕 .

𝜸𝟎 ≈ 𝒄𝒐𝒏𝒔𝒕



Experimental data by 
Maksim Kunitski, 
Reinhard
Doerner et al. 
(Frankfurt University)

Agreement is 
qualitative but not 
quantitative.

Need to account for 
finite experimental 
resolution.

Comparison With Experiment

Experiment

Theory



Experiment

Parameter-
free theory
(using 
measured
pulse 
length,
intensity,
Spatial 
imaging
resolution)

Kunitski,
Guan,…,Blume,

Doerner,
Nature Physics

(2021).



Kicking the 4He Dimer

Many outstanding challenges: 

Resonances as in ultracold atoms? Need longer pulses…
Time-dependent modulation of  interaction strength?
Dynamics of  (Efimov) trimers? Need to populate it first…
Larger clusters.

For the first time: Intense laser used to probe dynamics at single-atom 
level using universal, scattering length dominated initial state.

“Rotationless” 4He dimer can be aligned! Note, it’s the continuum 
portion of the wave packet…

Pattern due to interference between J=0 and J=2 channels: 
Measurement of spatially and time dependent relative phase between 
these two partial wave channels. State tomography!



Scenario 2: Longer Pulses
increasing pulse length

increasing intensity

revivals!

0.5 ps 2 ps 4 ps 8 ps

Guan and Blume, PRA 99, 033416 (2019). Awaiting experimental realization…



Signature Of  Field-Induced 
4He2 Bound States?

4ps hold time 12ps hold time

max. intensity 
𝟐. 𝟓 + 𝟏𝟎𝟏𝟒W/cm2

unbound portion

bound
portion

Fingerprint of revivals in 6me-dependent response of system: Dimer 
oscillates between deeply-bound state and weakly-bound state. 



Helium Dimer In Static 
External Electric Field

Plugging 𝜳 𝑹, 𝜽 = ∑𝑱:𝟎,𝟐,…
𝒖𝑱 𝑹
𝑹

𝒀𝑱𝟎(T𝑹) into 𝑯𝜳 𝑹, 𝜽 = 𝑬𝜳 𝑹, 𝜽 yields

−
ℏ𝟐

𝟐𝝁
𝝏𝟐

𝝏𝑹𝟐
+
ℏ𝟐𝑱 𝑱 + 𝟏
𝟐𝝁𝑹𝟐

+ 𝑽𝑯𝒆(𝑯𝒆(𝑹) 𝒖𝑱 𝑹 + X
𝑲:𝟎,𝟐,…

F

𝑾𝑱𝑲(𝑹)𝒖𝑲(𝑹) = 𝑬𝒖𝑱 𝑹 ,

where the coupling matrix elements read 

𝑾𝑱𝑲 𝑹 = ∫𝟎
𝟐𝝅 ∫𝟎

𝝅𝒖𝑱∗ 𝑹 𝑽𝒍𝒎 𝑹, 𝜽 𝒖𝑲 𝑹 𝐬𝐢𝐧 𝜽 𝒅𝜽 𝒅𝝋.

Bound states depend on 𝑹 and 𝜽! 

Scattering states are characterized by scattering length matrix that 
contains 𝒂𝟎𝟎 (come in in 0 and go out in 0), 𝒂𝟎𝟐 (come in in 2 and go out in 
0), 𝒂𝟐𝟎, 𝒂𝟐𝟐,…!



Tunability of  Dimer: 
Pure and Mixed Isotopes

Static electric field
(infinitely long pulse):
We are no longer 
looking at dynamics 
but instead solving 
the time-independent 
Schrodinger equation 
in the presence of  
static external field.

4He-4He

3He-4He

3He-3He

l=even

l=even
l=odd

l=odd

Guan and Blume, PRA 99, 033416 (2019).



Static External Electric Field: 
Results for 4He2

R in aBohr

R in aBohr

𝜽 in rad

𝜽 in rad

𝜽 in rad

Wave functions near the first
field-induced resonance:
Newly supported bound state is 
large.

Ground state wave function Excited state wave function

Blow-up of excited state wave function

R in aBohr

Anisotropy is 
stronger at small 
R than at large R.



Static External Electric Field: 
Scattering Lengths For He-He

3He-4He
even 𝑱

3He-3He
odd 𝑱

4He-4He
even 𝑱

3He-4He
odd 𝑱

Born approximation 
(expected to work, away 

from resonances, for 
𝒂𝟏,𝟏)

Tunability of  3He-4He and 3He-
3He discussed in Nielsen et al., 
PRL 82, 2844 (1999). Qualitative 
agreement with 3He-4He results.



Grating serves as mass selector (N times atom mass m): 
He3 signal contains ground state trimer *and* excited state trimer.
Laser beam ionizes trimer: Coulomb explosion of 4He3 (3 ions).

Finally: Helium Trimer Excited 
Efimov State?

Wave length λ = h/(Mv)

Diffraction angle
θ = nλ/d = nh/(dNmv)

Kunitski, Zeller, …, Blume, Doerner, Science 348, 551 (2015)

++classi-
cal

+++classi-
cal

quantum



Other Structural Characteristics
ground state:

theory
excited state:

theory
excited state:
experiment

Divide all three interparticle distances by largest rij and plot 
kth atom (positive y): Corresponds to placing atoms i and j 

at (−1/2,0) and (1/2,0).
Ground state and excited states have distinct characteristics!!!

Message: Reconstruction of quantum mechanical trimer density.

fix fix

plot

length 1

Normalized Structural 
Properties of  4He3



New Opportunities

(ultra)cold atoms:
universal physics

fast intense 
lasers

One may hope: Two good things combined should be 
better than two good things separated...

But you may object: Aren’t we just gonna blow everything up?

Yes, we will… and it’s fun and useful...

Hopefully, I was able to convince you:

A different type of  non-equilibrium dynamics (no rotational revivals,...).

Interesting future prospects.

Many thanks to
Qingze Guan, Maksim 

Kunitski, Reinhard 
Doerner, and 

Doerner’s group at 
Frankfurt University



Thank You!


