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Overview

Motivation

Study the role of nuclear spin in photoionization by highly accurate 
(precision < 1 MHz) spectroscopy of  high Rydberg states.

Experimental Considerations and Results

VUV/sub-millimeter wave double resonance experiments coupled 
with state-selective ionization to study the different Xe isotopes 
separately. Experimental results on s/d interaction in 129Xe.

Perturbing Stray Electric and Magnetic Fields

Stark shift
Zeeman splitting

Conclusions



Motivation: Autoionisation 
Dynamics of Xe

Wörner et al. Phys. Rev. A 71, 054501 (2005) 

Autoionization dynamics in
Xe (I=3/2)131
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Previous Calculations [1]

Accurate MQDT 
calculations done on 
hyperfine structure of 
129Xe and 131Xe up to 
n=100 in [1] that 
predict several s/d 
interactions around 
and above n=90.

No experimental 
studies in this region 
thus far.

[1] M. Schäfer et al., Phys. Rev. A. 81 (2010) 032514:1-17.

Adapted from Ref. [1].

60 70 80 90 100
n

-0.15

-0.10

-0.05

0.00

E
re

l/h
c
 (

c
m

-1
)

129
Xe

60 70 80 90 100
n

-0.10

-0.05

0.00

131
Xe

ns[3/2]1(3/2)

(n-2)d[3/2]1(3/2)

2P3/2
2P3/2



Excitation of an atomic beam of Xe 
to high Rydberg states with VUV 
radiation, transition to lower-lying 
Rydberg states with sub-mm wave 
radiation, selective field ionisation 
(see next slide), ion or electron 
detection.

Excitation Scheme 

A: VUV generation by four-
     wave mixing

B: Excitation of Xe
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Lower voltage pulse (150V) used to 
ionize intermediate state (highest 
energy state).

High voltage pulse used to ionize final 
(lower-lying) state.

Delay between pulses 
makes it possible to 
separate all of the Xe 
isotopes of the upper state
from all of the isotopes
of the lower state due
to their time of flight
difference and to record 
them simultaneously.

Rydberg-State Selective 
Ionisation
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Time-of-Flight Trace: Resonant 
Excitation of even Xe isotopes
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Experimental Configuration

[2] M. Schäfer et al., J. Phys. B: Mol. Opt. Phys. 39 (2006) 831-845.

Backward-wave oscillator (BWO) based sub-millimeter  wave source 
described in [2].
Continuous frequency stabilization, frequency accuracy ~ 1 kHz.
Operates in frequency range from 240-380 GHz, power up to 40 mW.

Nd:YAG

BBODye Laser 1

Dye Laser 2

355 nm

532 nm

250 nm

565 nm

SFG around 97800 cm using the
Xe 5p 6p[1/2] <= Xe 5p resonance

at 80118.974 cm

-1

5 6

-1
0

Nd:YAG

Sub-mm wave
source

Four-wave
mixing

monochro-
mator

pump

Digital OscilloscopeComputer

pump

pump

MCP detector

sample nozzle



VUV radiation

mmwave radiation

TOF tube

atomic beam



66f[3/2]2 83d[3/2]1 66f[3/2]1 83d[3/2]1

Sub-mm Wave Spectra for Xe
I = 0

I = 0

I = 0

I = 3/2

I = 0

I = 1/2



Exemplary Assignments for 
129Xe

69p[5/2]2(3/2) 84s[3/2]1(3/2)

Δsd

69p[5/2]2(5/2) 82d[3/2]1(3/2)



Preliminary Results for 129Xe

[1] M. Schäfer et al., Phys. Rev. A. 81 (2010) 032514:1-17.

Comparison of experimentally 
determined values (red and blue 
squares) and calculated values 
(adapted from [1]).

ns[3/2]1(3/2) Rydberg states 
shown by black, dashed line, 
(n-2)d[3/2]1(3/2) Rydberg states 
shown by the uppermost gray, 
dashed line.

Agreement to within ~ 5 MHz.

Error on experimental results less 
than 1 MHz. 80 90 100
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Minimization of Stray Electric 
Fields

Millimeter-wave transition in the presence of different dc offset fields. The spectra are shifted 
vertically by an offset corresponding to the value of the total field in mV/cm (between -14.4 mV/cm 
and 11.8 mV/cm).
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Stray Magnetic Field Effects
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Transition after Stray Field 
Minimization
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Conclusions and Outlook

Sub-millimeter wave transitions from high Rydberg states of 
Xe(129, 130, 131, 132, 134, 136) between n=84s/82d and n=100s/
98d to various lower-lying states between n=69p and n=73p were 
recorded experimentally.

s/d interaction characterized experimentally for ns[3/2]1(3/2) and 
(n-2)d[3/2]1(3/2) states in 129Xe in the region between 84s/82d and 94s/
92d.

As preparation for these measurements, effects of perturbing stray 
electric and magnetic fields were studied and minimized.

Outlook: Characterize n-dependent s/d interaction for 131Xe with 
experimental data and adjust MQDT parameters to incorporate 
experimental results for both 129Xe and 131Xe.











Sub-millimeter-Wave Source

Backward-wave oscillator (BWO) based source reported in [2].

Continuous frequency stabilization, frequency accuracy ~ 1 kHz.

Operates in frequency range from 240-380 GHz, power up to 40 mW.

[2] M. Schäfer et al., J. Phys. B: Mol. Opt. Phys. 39 (2006) 831-845.



Backward-Wave Oscillator

4.7 Backward Wave Oscillators 141

faces two main challenges for broad device applications: room temperature
operation and low frequency generation below 1.5 THz.

4.7 Backward Wave Oscillators

Backward wave oscillators (BWOs), or carcinotrons, are electron vacuum
tubes in which an electron beam interacts with a travelling electromagnetic
wave. The electrons are slowed down by a metal grating called a comb slow-
wave structure, and the kinetic energy of the electrons is transferred to the
electromagnetic wave. The device was named a BWO because the electron
beam and the electromagnetic wave move in opposite directions.
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Fig. 4.21. Schematic diagram of backward wave oscillator.

Figure 4.21 shows a BWO schematic. Electrons are emitted from the
heated cathode and accelerated by a DC electric field applied between the
cathode and the anode. The magnets collimate the electron beam. The peri-
odic structure of the grating induces a spatial modulation of the longitudinal
electric field, which gives rise to an energy modulation in the electron beam.
The periodic perturbation drives electrons into bunches. The bunched distri-
bution of the electrons excites surface waves on the periodic structure. If the
electron beam velocity matches the phase velocity of the surface wave, the ki-
netic energy of the electrons is transferred coherently to the electromagnetic
wave. This implies that the frequency of the electromagnetic wave is deter-
mined by the electron velocity. Thus, the frequency is tunable by adjusting
the bias voltage. Because the group velocity of the surface wave moves oppo-
site to the phase velocity, the energy transferred to the field is transported

[3] Y.-S. Lee, Principles of Terahertz Science and 

       Technology (Springer, New York, 2009).

Vacuum tube in which electron 
beam propagates

Electron beam slowed by “comb 
slowwave structure”, kinetic 
energy transferred to EM wave

Bias voltage determines the 
velocity of the electrons

Frequency of the backward wave 
dependent on velocity of the 
electrons

Magnetic field collimates electron 
beam



Conclusions and Outlook

Measure all necessary transitions to quantify s/d splitting in the 
F=3/2 hyperfine states of 131Xe and 129Xe

Characterize/prepare system so that only a minimum of 
parameters need to be varied to do double resonance 
experiment in Xe with difference-frequency THz source

Study high-resolution vibrational spectra of ν6 in CHCl3/
CFCl3, although some difficulty with VUV generation for 
CHCl3

Measure vibrational spectra of rare-gas clusters (although 
further experimental developments may be necessary for this)
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Advantages of the Planned 
Experimental Setup

Advantages of working in a molecular beam:

i)   Low temperature (less spectral congestion)
ii)  No pressure broadening
iii) Easier to measure rare-gas clusters later on

Advantages of detecting ions:

i)   background-free
ii)  detection of absorption (not transmission)
iii) isotopomer-selective (no need for isotopically pure sample)

Avoid problem of interfering water lines


