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spectra and photoionization energy. All data are normalized for
variations in the ALS photocurrent using a NIST-calibrated
photodiode (SXUV-100, International Radiation Detectors, Inc.).
All data reported here were acquired at 298 K.

Reagent gases were used without further purification: Propene-
d3 (CH2dCHCD3; 98%, Cambridge Isotope Laboratories) and
undeuterated propene (g99%, Sigma-Aldrich). Cyanopropene
isomers were obtained from commercial vendors and used
without further purification: 1-cyanopropene (mixture of cis
and trans, 99%, Sigma-Aldrich), 2-cyanopropene (99%, Sigma-
Aldrich), and 3-cyanopropene (98%, Sigma-Aldrich)

’RESULTS AND DISCUSSION

Kinetically resolved mass spectra for the CN + propene
reaction were gathered in steps of 0.025 eV in synchrotron
photon energy over the 9.8!11.5 eV photon range. A product
mass spectrum integrated over this entire photon energy range is
shown in Figure 1. The spectrum is background-corrected by
subtracting the averaged signal during the 20 ms prior to the
excimer laser pulse. Figure 1 shows the most intense product
peak appearing at m/z 53, consistent with C3H3N formation
from CN addition to propene followed by CH3 elimination. The
plausible C3H3N species is cyanoethene. This conclusion is
supported by the observed 10.91 eV onset of m/z 53 in the data
and in agreement with computational predictions.10,17,20 The
prominent peak at m/z 67 corresponds to C4H5N, indicative of
CN addition to propene followed by H elimination. As stated
previously, there are three species that might plausibly contribute
to this mass channel: 1-cyanopropene (NC!CHdCHCH3),
2-cyanopropene (CH2dC(CN)CH3), and 3-cyanopropene
(CH2dCHCH2CN). The presence of iso-cyano isomers is ruled
out on the basis of their comparatively lower adiabatic ionization
energies (AIEs).17 In the following sections we discuss isomer
assignments for this product channel. The cis/trans isomers for
the 1- and 2-cyanopropene species are not distinguishable at the
photoionization resolution of these experiments. The small sharp
peak at aboutm/z 42 is an artifact of the background subtraction
of the prelaser propene signal. Also apparent in Figure 1 is a peak
at m/z 41, which likely arises from dissociative ionization of
another product, as discussed below.
C4H5N Isomers.Wemeasured absolute photoionization spec-

tra for the three commercially available C4H5N isomers that are

considered for the m/z 67 mass channel, shown together in
Figure 2. The observed onsets of 2-cyanopropene (10.3( 0.04 eV)
and 3-cyanopropene (10.2 ( 0.04 eV) are in good agreement
with the reported AIE values from threshold photoelectron
measurements, 10.34 and 10.20 eV, respectively.22 1-Cyanopro-
pene has a measured vertical ionization energy of 10.23 eV,23

in good accord with the measured onset in Figure 2 of 10.19 (
0.04 eV. The 1- and 3-cyanopropene species have similar
ionization onsets and there are similarities in all three spectra.
As will be discussed below, this makes it difficult to uniquely fit
these spectra to the m/z 67 photoionization spectrum from the
CN + propene reaction. Also notable in Figure 2 is that, ∼1 eV
above threshold, the ionization cross sections can differ by as
much as a factor of 2. Some evidence of the different ionization
properties of these cyano isomers, particularly the gradual onset
in the case of 3-cyanopropene, has been noticed before,22 but the
cause of the differences in cross section is not clear.
The measured photoionization spectrum for the m/z 67

product channel resulting from the reaction of CN + propene
is shown in Figure 3. It is worth noting that the photoionization
spectrum of m/z 67 reported here is essentially the same as that
reported in ref 17 except that the reduction of signal after 11.1 eV
is not observed in the current trace. It is possible this was due to a
fluctuation in the CN precursor concentration in the previous
experiments; in the present experiments, the ICN concentration
in the flow was carefully monitored and the data in Figure 2 are
the average of two photoionization scans. The error bars in

Figure 1. Mass spectrum of the products of the CN + C3H6 reaction,
integrated over 9.8!11.5 eV photon energy and 0!80 ms after pulsing
of the photolysis laser.

Figure 2. Absolute photoionization curves of three C4H5N isomers:
1-cyanopropene (circles), 2-cyanopropene (diamonds), and 3-cyano-
propene (squares).

Figure 3. Photoionization spectrum of C4H5N
+ (m/z 67) from the CN+

propene reaction (diamonds) and the fitted curve (squares) correspond-
ing to Fit 1 in Table 1 in the text.

Nearly all kinetics studies report the observed rate of reactant disappearance, 
with product identity and branching largely unknown. 

Recent advances have relied upon 
tunable VUV from synchrotron 
sources. However, these studies 
require complex fitting to infer 
branching, and clear product 
signatures are often lacking.  

[Trevitt et al. 2011]

How to Determine Reaction Rates and Low-Temperature Branching Ratios?
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ABSTRACT: The reaction of ground-state cyano radicals,
CN(X2Σ+), with the simplest polyene, 1,3-butadiene
(C4H6(X

1Ag)), is investigated to explore probable routes and
feasibility to form pyridine at ultralow temperatures. The
isomerization and dissociation channels for each of the seven
initial collision complexes are characterized by utilizing the
unrestricted B3LYP/cc-pVTZ and the CCSD(T)/cc-pVTZ
calculations. With facilitation of RRKM rate constants, through
ab initio paths composed of 7 collision complexes, 331
intermediates, 62 hydrogen atom, 71 hydrogen molecule, and 3 hydrogen cyanide dissociated products, the most probable paths
at collision energies up to 10 kcal/mol, and thus the reaction mechanism, are determined. Subsequently, the corresponding rate
equations are solved that the concentration evolutions of collision complexes, intermediates, and products versus time are
obtained. As a result, the final products and yields are determined. The low-energy routes for the formation of most
thermodynamically stable product, pyridine, are identified. This study, however, predicts that seven collision complexes would
produce predominately 1-cyano-1,3-butadiene, CH2CHCHCHCN (p2) plus atomic hydrogen via the collision complex
c1(CH2CHCHCH2CN) and intermediate i2(CH2CHCH2CHCN), with a very minor amount of pyridine. Our scheme also
effectively excludes the presence of 2-cyano-1,3-butadiene, which has energy near-degenerate to 1-cyano-1,3-butadiene, as
supported by experimental findings.

I. INTRODUCTION
In the past decade, bimolecular reactions of the cyano radical
(CN; X2Σ+) have emerged to play a significant role in the
formation of nitriles−organic molecules carrying the CN group
in the interstellar medium, hydrocarbon-rich atmospheres of
planets and their moons such as Saturn’s satellite Titan, and
combustion. At temperatures as low as 13 K, cyano radicals
react with unsaturated hydrocarbons without entrance barriers,
of which rate constants are in a few 10−10 cm3s−1 near gas
kinetics limit as recent kinetics investigations demonstrated.1,2

Crossed molecular beam studies of reactions of cyano radical
with acetylene,3 ethylene,4 benzene,5 allene,6 methylacetylene,7

and propylene,8 have identified CN and H exchange channels
through CN insertion mechanism that readily result in the
formation of various nitriles such as cyanoacetylene (HCCCN),
vinylcyanide (C2H3CN), and methylcyanoacetylene
(CH3CCCN), for example. Ab initio electronic structure
calculations are in support of the findings, although for
propylene9 the major pathway is CH3 dissociation with
relatively minor H eliminations.
Although not detected, PAHs (polycyclic aromatic hydro-

carbons) are long thought to exist in interstellar mediums10 and
presumed to be responsible for certain unidentified infrared
(UIR) bands11 and the diffuse interstellar bands (DIBs).12 The
PAH building block, benzene (C6H6), is observed in
protoplanetary nebula CRL 618,13 yet pyridine (C5H5N),

isoelectronic to benzene and unit of nitrogen-substituted PAHs
(N-PAHs), has thus far eluded detection in extraterrestrial
environments. Despite the prebiotic significance of N-PAHs,
the formation mechanism of even the simplest N-PAHs is not
well understood. Under condition of single-collision, the
reaction of ethynyl radical (C2H) and 1,3-butadiene (C4H6)
was demonstrated14 to be capable of generating benzene
without entrance barrier. It would be logical to access pyridine
formation through a parallel reaction of 1,3-butadiene with CN,
likewise isoelectronic to C2H. While kinetics experiments
monitor decay of the cyano radical and crossed molecular beam
investigations sample products, electronic structure calculations
could reveal the channels from reactants, intermediates, all the
way to products. Hence an investigation combining kinetics
studies, crossed molecular beam, and electronic structure
calculation has been carried out to provide a comprehensive
insight into the mechanism of CN + 1,3-butadiene reaction.15

Here we conduct an extensive theoretical investigation of the
reaction of the cyano radical with 1,3-butadiene to shed light if
the aromatic pyridine molecule can indeed be formed under
single collision conditions via a bimolecular reaction. A
combined ab initio electronic structure and RRKM calculation
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A	
  New	
  Approach

Chirped-Pulse MicroWave Spectroscopy
developed by Brooks Pate and migrated to higher frequencies by R.W. Field and coworkers

combined with

Pulsed Uniform Supersonic Flows 
thermalized flows at ~20 K and high density via Laval nozzle, developed by B.R. Rowe, 
I.W.M. Smith, and I.R. Sims - CRESU

Rotational spectroscopy becomes a tool for
Kinetics/Dynamics and Astrochemistry

[G. G. Brown et al, 2008]

[I. R. Sims et al, 1994]
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Apply RF B1 field in 
xy-plane, all spins now 
precess with the same 

phase. Detect the spontaneous 
emission (Free 

Induction Decay)

time

Chirped-­‐Pulse	
  Microwave	
  Spectroscopy

Analogy with NMR

Apply RF B field

Fourier transform to 
obtain the spectrum
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What is so special about it?

★ No need to step cavity dimension

★ Pulse duration and power are independent

★ Signal scales as (bandwidth)-1/2 

chirped-­‐pulse
cavity

CP cavity

Propyne	
  @	
  17.091	
  GHz
Same	
  peak	
  power

Chirped-­‐Pulse	
  Microwave	
  Spectroscopy
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17	
  min.

14	
  hrs.

This suggests broadband rotational spectroscopy could be used, like REMPI 
or LIF or VUV, as a very general probe of reaction dynamics, with detailed 
structural information at the same time.

Chirped-­‐Pulse	
  Microwave	
  Spectroscopy

What is so special about it?
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Chirped pulse generated by 
arbitrary waveform generator and 
upconverted to desired region

Broadband excitation (several 
GHz) possible in a few ns 

Low frequency system (Ka band):

★ 26-40 GHz

★ peak power 40 W

High frequency system (W band)

★ 60-90 GHz

★ peak power 100 mW

Collaboration with Field group @ MIT

214203-3 Abeysekera et al. J. Chem. Phys. 141, 214203 (2014)

FIG. 1. The CPUF setup is illustrated in three parts: (a) Chirped pulses (0.25–3.75 GHz) are produced in an arbitrary waveform generator (AWG) and then
mixed with a LO frequency (8.125 GHz) locked to a 10 MHz Rb standard. The resulting frequencies are then multiplied (4×) via a series of active and passive
doublers before further amplification by a 40 W traveling wavetube amplifier (TWTA). The microwave radiation is then broadcast through the molecular sample
via a feedhorn oriented perpendicular to the molecular axis. Bandpass filters and isolators are inserted into the setup as necessary. (b) A piezoelectric stack
valve and Laval nozzle are mounted on one end of a polycarbonate vacuum chamber.20 A quartz window is located on the other end of the chamber to allow
radiation from an excimer laser to propagate down the axis of the Laval nozzle, such that the core of the flow is irradiated. (c) Molecular emission in the form of
free induction decay (FID) is collected by a second feedhorn. This signal is downconverted before detection and phase coherently averaged in an oscilloscope,
where it is fast Fourier-transformed to produce a frequency-domain spectrum.

onto a translation stage, which enables linear movement of the
chamber such that different regions of the flow can be probed
without disturbing the microwave and antenna setup.

A quartz window is mounted into the chamber attached
to the turbomolecular pump. Through this window, the out-
put from an excimer laser, operating at either 193 or 248 nm
(GAM Laser, EX200/60), is directed through the vacuum
chamber and down the axis of the flow. The laser beam is
loosely focused with a biconvex lens (f = 200 cm) to a width
of approximately 5 mm at the throat of the Laval nozzle.

The timing for the experiment is controlled by the AWG,
which has two main output (marker) channels. The AWG out-
put is routed through two pulse-delay generators (Berkeley
Nucleonics Corp. Model #555 and 575), one of which is used
to control the delays between the gas pulse and laser rela-
tive to the chirp sequence. The other delay generator sets the
timings of the TWT amplification and the fast PIN switch.
All timing delays are optimized for the system being stud-
ied to ensure that reactions occurring in the flow are studied.
Typically we record many chirp-FID sequences in each gas
pulse.

III. RESULTS

The newly commissioned CPUF spectrometer was ini-
tially tested and benchmarked with OCS to evaluate its
overall performance. The CPUF results were comparable
to those previously published for a Ka-band CP-FTMW
spectrometer.21 Because the CPUF spectrometer has been de-
veloped and designed for the purpose of studying chemical
reaction dynamics, some well-known systems were chosen to

demonstrate this new spectrometer’s capabilities for that ap-
plication. These examples illustrate the versatility of this in-
strument and its utility as a complementary method relative to
traditional approaches. We first present signal level estimates,
and then provide examples to illustrate the performance.

A. Estimating signal levels

The signal detected by the CP-FTMW spectrometer is the
electric field of the FID of the polarized molecules. From the
expression derived by McGurk et al.22 for the polarization re-
sulting from adiabatic fast passage, the measured signal, EFID,
is given by

EFID ∝ ωµ2Epulse"N (π/α)1/2,

where ω is the frequency, µ the transition dipole moment,
Epulse the electric field strength of the pulse, "N the popu-
lation difference, and α the linear sweep rate. The spectral
resolution of the collected signal depends only on the dura-
tion of the collected FID, not on the excitation pulse duration.

A unique consideration of performing CP microwave
spectroscopy in flows is the possible attenuation of line inten-
sities in the spectra due to the impact of collisions; this effect
is not a concern under free-jet expansions, as the CP probe
is employed in the “collision-free” region in that case. Under
the conditions prevailing in our helium flow, P = 0.18 Torr
and T = 22 K, we estimate a mean free path of λ = 30 µm
and a collision frequency of roughly 11 MHz, implying a
mean time between collisions of ∼90 ns, shorter than the typ-
ical chirp durations in CPUF. Thus, transitions excited early
in the pulse are likely to undergo collisions, possibly atten-
uating the line intensities, while transitions excited later do

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
76.112.232.251 On: Fri, 05 Dec 2014 16:58:54
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How do we maximize signal?

The CRESU technique at Rennes 

Laval nozzle 

Kinetics of Reaction in Supersonic Uniform Flows (CRESU) 
Carrier gas (He, Ar or N2) + reactants 

Supersonic uniform flow  
T = 15 – 220 K 
n = 1016 – 1018 cm–3 

Throat diameter 
3 mm – 5 cm 

Vacuum chamber 

cpT0 = cpT + ½ u2 

Popula:on	
  difference
between	
  adjacent	
  levels

=>	
  CRESU
           

Collaboration with I.R. Sims @ IPR

Linear	
  sweep	
  rate

=>	
  segmented	
  chirps

Gas Pulse 

Laser 

Chirp +FID 

FT  

10µs 20µs 100µs CHIRPS
+
FID

gas	
  pulse

laser

FFT

Chirped-­‐Pulse	
  Microwave	
  Spectroscopy
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Translational stage
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Pulsed	
  Uniform	
  Supersonic	
  Flow

[J.M. Oldham, C. Abeysekara, B. Joalland, L.N. Zack, K. Prozument, G.B. Park, I.R. 
Sims., R.W. Field, A.G. Suits, Journal of Chemical Physics, 2014]

[C. Abeysekara, L.N. Zack, G.B. Park, B. Joalland, J.M. Oldham, K. Prozument, N.M. 
Ariyasingha, I.R. Sims., R.W. Field, A.G. Suits, Journal of Chemical Physics, 2014]

Trot	
  =	
  20-­‐30	
  K
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Profiles	
  courtesy	
  Ian	
  Sims

Ar Nozzle

Excellent agreement 
between flow temperature 
and rotational temperature

[C. Abeysekara, L.N. Zack, G.B. Park, B. Joalland, J.M. Oldham, K. Prozument, N.M. Ariyasingha, I.R. Sims., R.W. Field, 
A.G. Suits, Journal of Chemical Physics, 2014]

Pulsed	
  Uniform	
  Supersonic	
  Flow
(Pulsed	
  CRESU)

Chirped-­‐Pulse	
  in	
  Uniform	
  Flow
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On the (High) Collisional Environment

Chirped-­‐Pulse	
  in	
  Uniform	
  Flow

dimethyl-ether CH3OCH3

up
down

up
down

mean free path ~ 30 μm ; mean time 90 ns

=> the coherence time is shortened by dephasing phenomena
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193 nm
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Photodissociation of SO2 at 193nm:
Probing the nascent vibrational SO (X 3Σ-)

Chirped-­‐Pulse	
  in	
  Uniform	
  Flows

Applications for Reaction Dynamics

214203-5 Abeysekera et al. J. Chem. Phys. 141, 214203 (2014)

The signal intensity of OCS can be used as a benchmark
and basis for comparison to estimate the expected signal lev-
els for photodissociation or bimolecular reactions in the flow.
We first estimate these for the reactions we examine below.
The flow density of the Laval system with He as the carrier
gas is 4 × 1016 cm−3. If the 193 nm photodissociation of SO2
to yield SO (X 3!−) is considered, we can estimate "N for the
product SO as follows. At 193 nm, 10 mJ/pulse corresponds
to ∼1016 photons per pulse. Using the SO2 absorption cross
section (10−17 cm2) and an SO2 density of 4 × 1014 cm−3,
assuming unit quantum yield for dissociation, we produce 4
× 1013 product molecules per cm of path length. For the
10 cm long interaction volume, analogous to OCS, this gives
a total of 4 × 1014 molecules in a volume of 5 cm3, or a
density of 8 × 1013 cm−3. Taking into account the Boltz-
mann factor, we obtain a total population difference "N = 3
× 1011, roughly a factor of twenty smaller than that of
OCS. The dipole moment of SO is µ = 1.55 D, so for the
NJ = 10 − 01 transition in the v′′ = 0 vibrational level at
30.001 GHz, a signal level a factor of five lower than that of
O12CS can be anticipated. In this case the larger dipole mo-
ment and partition function of ∼20 compensate for the frac-
tion (∼10%) of the molecules undergoing photodissociation.
However, one must also account for the relative intensities
of the fine structure components when studying open-shell
molecules. In the case of SO, the N = 1 − 0 rotational tran-
sition splits into three spin components corresponding to the
NJ = 10 − 01, 12 − 01, and 11 − 01 transitions. From the cal-
culated line strengths of each transition, only about 8% of the
SO population is expected to be observed in the NJ = 10 − 01,
as opposed to 61% and 31% in NJ = 12 − 01 and 11 − 01, re-
spectively. Thus, contributions of all spin components must
be considered when calculating the SO signal levels.

For a bimolecular reaction, the product yield can also be
estimated as above, with the flow density of 4 × 1016 cm−3

at 22 K. For the reaction of the CN radical with acetylene
(C2H2) to produce cyanoacetylene (HCCCN), 1.5% C2H2 and
1% BrCN as a CN precursor were used. The CN concentra-
tion can again be estimated using the initial BrCN density of
4 × 1014 cm−3 and an absorption cross-section of 10−18 cm2

at 193 nm. Here we use 40 mJ/pulse with 10 cm flow length
to give an estimated a total of 1.6 × 1013 CN radicals per
cm of path length. Assuming unit reaction efficiency between
CN and acetylene, and the 10 cm path length, we estimate
that approximately 1.6 × 1014 HCCCN molecules will be
produced, corresponding to a density of 3.2 × 1013 cm−3.
Given the second order rate constant k = 4 × 10−10 cm3

molecules−1 s−1 at 25 K,23 we anticipate reaction in the
flow on a timescale of ∼5 µs. The HCCCN product will
also react with CN with a rate constant of 1 × 10−10 cm3

molecules−1 s−1 at 22 K to give dicyanoacetylene,23 but sim-
ple simulations show that this will not significantly affect the
final HCCCN concentration. Considering a dipole moment of
µ = 3.73 D for HCCCN and the rotational level population
difference "N = 1.9 × 1012 molecules in the irradiated vol-
ume, an estimate for the signal level of the J = 4–3 rota-
tional transition at 36.392 GHz can be obtained. Thus, the
expected signal intensity of HCCCN should be an order of
magnitude larger than that of OCS, with the assumed reaction

efficiency of 100% is a single product vibrational level were
populated.

B. Photochemistry: SO2 + hν (193 nm) → O (3PJ)
+ SO (X 3"−, v)

The 193 nm photodissociation of SO2 has been pre-
viously studied by several different methods, including ve-
locity map imaging, Fourier-transform infrared spectroscopy,
microwave spectroscopy, and laser induced fluorescence
spectroscopy.17, 24–29 From those experiments, it was con-
cluded that this reaction occurs via excitation from the ground
X̃1A1 state to the C̃1B2 state followed by dissociation. How-
ever, the C̃ state correlates diabatically to singlet fragments,
SO (a 1") and O (1D), rather than the observed triplets, SO
(X 3!−) and O (3P), so other pathways must participate. The
dominant process is thought to be internal conversion arising
when mixing occurs between the quasibound continuum of
the X̃ ground state with vibronic levels in the C̃ state, but dis-
sociation via a triplet surface could also result from the cross-
ing of the C̃ state by repulsive 23A′ or 31A′ states.24, 25, 27, 30

These conclusions were drawn, in part, from the observation
of inverted vibrational distributions in the SO fragment, where
>50% of the population is in the v′′ = 2 vibrational level
rather than the ground v′′ = 0 state (Table I).24, 26, 27, 31

The CPUF spectrometer was used to probe the nascent
vibrational distribution of SO following photodissociation of
SO2. The SO2 (Sigma Aldrich, 99.9%) was seeded at 0.5% in
the helium flow and dissociated using an ArF excimer laser.
To monitor the appearance of the product, the “fast-frame” ca-
pability of the oscilloscope was used,7, 11 such that successive
spectra were obtained at 5 µs intervals following an initial
10 µs delay between the laser trigger and the first chirped
pulse excitation. Ten frames (i.e., spectra) obtained in this
fashion, each an average of roughly 6500 acquisitions, are
shown in Fig. 4. The spectra are stacked such that the top
and bottom frames show the spectra collected at 20 and 65 µs
after the laser is fired, respectively. Each frame shows the NJ
= 10 − 01 pure rotational transition of SO in the v′′ = 2,
1, and 0 vibrational levels near 30 GHz; other fine structure
components of the N = 1 − 0 transition lie outside of the
spectrometer’s immediate frequency range. A small Zeeman

TABLE I. Nascent vibrational distributions of SO (X 3!−) from the 193 nm
photodissociation of SO2.

Population (%)

v′′ REMPI + VMIa LIFb IRc CPUFd

0 9 2 . . . 20
1 23 20 20 21
2 56 83 70 58
3 6 0 . . . . . .
4 6 . . . . . . . . .
5 . . . . . . <10 . . .

aReference 24.
bReference 26; SO A 3# → X 3!− transition probed from 255 − 295 nm.
cReference 31; tunable infrared diode-laser spectroscopy.
dThis work; vibrational distribution 25 µs after the laser was fired.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
76.112.232.251 On: Fri, 05 Dec 2014 16:58:54

Reaction of CN+C2H2 at 20K: 
Probing HC3N

[C. Abeysekara, L.N. Zack, G.B. Park, B. Joalland, J.M. Oldham, K. Prozument, N.M. 
Ariyasingha, I.R. Sims., R.W. Field, A.G. Suits, Journal of Chemical Physics, 2014]
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  Mul:channel	
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CN + propyne (C3H4) @ 22K

Chirped-­‐Pulse	
  in	
  Uniform	
  Flow

CBS-QB3 level of theory
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(a) (b)

FIG. 4. (a) The argon flow temperature calculated from Pitot tube pressure measurements measured at different linear distances. The temperature (T = 27 ± 1 K)
shows very little variation out to distances of 18 cm. (b) Pitot measurements of the helium flow indicate a temperature of around T = 22 ± 2 K for distances
out to 10 cm. The initial temperature “spike” (T = 23.5 K) at the nozzle exit may be due to turbulence. At distances between 3 and 6 cm, where the microwave
transmitting and receiving horns are usually located, the variation in temperature is <1 K.

in temperature. Beyond 10 cm (not shown), a significant and
rapid decrease of the impact pressure is observed. The tem-
peratures and densities obtained from these measurements are
given in Table I, and show excellent agreement with the de-
sign parameters of both nozzles.

B. Rotational temperature

We note that the impact pressure analysis above assumes
that the gas in the reservoir is at room temperature. That this
is a valid assumption despite the initial expansion into the
chamber is demonstrated in the rotational spectra for the he-
lium case in the following paragraphs. We have not been able
to obtain similar spectra in argon and there are several pos-
sible reasons for this. Clustering in argon is a much greater
problem than in helium owing to a “chaperone” effect in-
volving dimers. In addition, argon has a much lower thermal
conductivity, so that the cooling that accompanies the ini-
tial expansion may persist. In this case our impact pres-
sure measurement might significantly overestimate the flow
temperature for argon. We plan future experiments with a
temperature-variable reservoir to investigate this.

The pure rotational spectra of dimethyl ether, CH3OCH3,
and acetaldehyde, CH3CHO, were recorded over the 34–40
GHz range and used to assess the rotational temperature of
the helium flow using a Boltzmann analysis. Both molecules
are closed-shell asymmetric tops containing either one or two
methyl rotors, which cause each J′(Ka

′, Kc
′)–J′′(Ka

′′, Kc
′′)

rotational transition to split into multiple components. For
acetaldehyde, the methyl rotation results in fully-resolvable
doublets, denoted A and E. Thus, the analysis for acetalde-
hyde was based on 12 distinct spectral lines. Dimethyl ether,
however, contains two methyl rotors, which produce quartets
of blended or partially-blended lines (AA, EE, AE, and EA).
Therefore, although 15 spectral features due to CH3OCH3
were recorded, lines belonging to the same J′(Ka

′, Kc
′)–

J′′(Ka
′′, Kc

′′) transition were collapsed and the center fre-
quency taken as the average frequency of the quartet and the
total line intensity as the sum of the individual intensities.

The Boltzmann plots were constructed using the follow-
ing relationship between the integrated line intensities (W)
and corresponding lower state energies (El):
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W =
4π3/2ω2
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FIG. 5. Boltzmann plots for acetaldehyde (a) and dimethyl ether (b) in the helium flow. A linear least squares regression (1σ ) yields rotational temperatures of
Trot = 22.6 ± 7 and 19.4 ± 3 K, respectively. To simplify the y-axis label, C is used to represent the constants in Eq. (4).
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From GHz to THz: A Strong Overlap with Radioastronomy

Observing facilities reach sensitivities to probe beyond simple molecules 
and on spatial resolution to reveal star and planet formation in action
e.g. ALMA, NOEMA

ALMA:
85-950 GHz, up to ~10km baselines 
spatial resolution <0.1” at low 
frequencies

sensitivity to detect more complex 
low abundance species in star 
forming regions and disks

spatial distribution and kinematics of 
molecules within cores, embedded 
protostars and disks

=> pathways to molecular 
complexity

New facilities and open questions!

Inga Kamp             COST kick-off meeting Prague, May 26-29, 2015 
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