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Abstract. A helium nanodroplets isolation spectrometer has been fabricated at IIT Kanpur (HeNDI-IITK)
for investigating molecules, molecular clusters and chemical reactions at ultracold temperatures. To the best
of our knowledge, this is the first HeNDI spectrometer developed in India and one of only a few worldwide.
The spectrometer facilitates the formation and isolation of molecular clusters within superfluid helium
droplets, which can then be investigated using mass spectrometry and mass-selective infrared spectroscopy.
Currently, the spectrometer can perform mass spectrometry in the range of m/z =2-510 u and infrared
spectroscopy in the range of 2500-4500 cm~! with a high spectral resolution of 0.0001 cm™!, offering
potential for extending both measurement ranges in future developments. In this article, we discuss the design
and performance of the spectrometer. Mass-selective infrared spectrum of formic acid monomer in the
frequency range of ~3568.8-3572.7 cm™! is also reported.
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1. Introduction

Helium nanodroplets are an ideal medium for studying
isolated molecules, molecular clusters and chemical
reactions at the microscopic level.'™* These droplets
are clusters of helium atoms, formed as a result of a
supersonic expansion of ultracold helium gas
(99.9999% purity) from a temperature of typically 4—
25K (Tp) and a pressure of 10-80 bar (Py).
Depending on the initial expansion conditions
(Ty and Py) the size of the droplets can be from a few
nanometres to a few microns. As confirmed by spec-
troscopic studies of molecules isolated inside the
droplets, the equilibrium temperature of the droplets is
0.37 £0.02K and therefore, the droplets are super-
fluid."****> Due to the superfluidity and weakly
interacting nature of the droplets, molecules can
vibrate and rotate almost freely inside the droplets. For

most of the molecules, the ro-vibrational transitions in
helium nanodroplets have been reported within
2 cm~! of the transitions observed in the gas-phase
studies. %3¢ However, the rotational constants for the
molecules inside the droplets are found to be smaller
than those for molecules in the gas phase. In general,
the ratio of the rotational constants for the molecule in
the gas phase (B,,) and in helium droplets (Bye)
increases as Bg,s decreases. For example, the ratio for
the HF molecule (Bga1s =19.787cm™! for v; mode) is
found to be 1.016,” whereas for (CHj;),SiCCH
molecule (Bg,s = 0.0654cm™! for 2v; mode), it is
significantly larger, at 4.54.%® This indicates a stronger
coupling between molecular rotations and the sur-
rounding helium for heavier molecules. The reduction
in rotational constants in this superfluid medium,
compared to a free molecule, arises because helium
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atoms in the close vicinity of the molecule adiabati-
cally follow the molecular rotation and thus contribute
to the rotational constants.

Moreover, the superfluid helium droplets allow the
formation of molecular clusters in a stepwise and
sequential manner, which is crucial for studying dif-
ferent pathways of molecular aggregation and chem-
ical reactions at the molecular level. At the cold
temperatures, as provided by the helium droplets, it
has been experimentally observed that the sequence in
which molecules aggregate is crucial for the forma-
tion of a specific conformer of a molecular cluster or
for a reaction to occur. For example, in helium dro-
plets, aggregation of acetonitrile molecules in the
presence of one HCI molecule resulted in the forma-
tion of exotic quasi-linear chains of (acetonitrile), —
HCI along with the predominant formation of the
global minimum structure, in which the acetonitrile-
dimer unit is in an antiparallel arrangement.’® How-
ever, when the aggregation sequence is reversed, i.e.,
when acetonitrile molecules aggregate first, followed
by the addition of one HCI molecule, only the global
minimum structure was observed with no formation of
the chains. Similarly, the cyclic global minimum
structure for the water tetramer has been invariably
found in all the spectroscopic studies,*®™” including
those in helium nanodroplets.”***’ However, it has
been recently shown that an open-chain water tetra-
mer moiety can also be formed in helium nan-
odroplets by aggregating water molecules in the
presence of a single atom of neon.’® Even the chem-
ical reactivity at cold temperatures is found to be
selective of the aggregation pathways. It has been
observed that when the HCl molecule reacts with
water molecules, the dissociation of HCI occurs on the
addition of four water molecules to it. However, the
dissociation is completely suppressed when the HCI
molecule is added to a preformed water-tetramer or
pentamer.>'

Given the pivotal role of helium nanodroplets in
enabling the investigation of molecular processes in a
well-controlled manner, we have developed a helium
nanodroplets isolation spectrometer in our laboratory
at [IT Kanpur (HeNDI-IITK). In this article, we
present the design of this newly fabricated spec-
trometer. As a proof-of-principle demonstration, we
report the mass spectrum of helium nanodroplets and
formic acid molecules isolated inside helium nan-
odroplets. We also report the detection method used
for obtaining mass-selective infrared spectra of
molecular species inside the droplets and demonstrate
it with an example of the infrared spectrum of formic
acid monomer.
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2. Design and performance of the spectrometer

A photograph and schematic of the spectrometer are
given in Figure 1. The design of the spectrometer
closely follows that of other helium nanodroplets
spectrometers used by research groups world-
wide.!1215:163051-68 Oy gpectrometer comprises six
differentially pumped vacuum chambers: (i) the
expansion chamber, (ii), (iii) and (iv) three subsequent
chambers, called pickup chambers (PC-I, PC-II and
PC-III), (v) a buffer chamber and (vi) a detection
chamber. All chambers were manufactured by Fourvac
Technologies, Pune, India.

The expansion chamber (EC) is cylindrical, with a
diameter of 400 mm and a height of 300 mm. This
chamber houses a two-stage Gifford-McMahon
Cryocooler (SHI-CH210, minimum temperature 10 K)
that has a first-stage cooling power of 110 W at 77 K
and a second-stage cooling power of 6 W at 20 K,
with a 50 Hz power supply. The cryocooler is cus-
tomised to cool down a nozzle plate with a 5-micron
orifice to the desired temperature range of, typically,
10-20 K, details of which are in the next paragraph.
The cryocooler operates in conjunction with a water-
cooled closed-cycle helium compressor (SHI, F-70). It
is connected to the expansion chamber through an X-
Y translational stage, which facilitates its movement in
a plane by &5 mm in both perpendicular directions.
The expansion chamber is pumped by an oil diffusion
pump (Leybold DIP8000, pumping speed 8000 L/s for
air), which is backed by a rotary vane pump (Leybold
Trivac-D 65B, pumping speed 65 m*/h for air) and a
booster pump (Leybold RUVAC-WAU-251, pumping
speed 210 m*h for air). The minimum pressure
achieved in this chamber without a helium gas load is
~2 x 1077 mbar.

A rendering of the customised cryostat from its 3D-
CAD model is shown in Figure 2. The helium gas
flows from room temperature through a 1/4” stainless-
steel tube and is guided inside the expansion chamber
via a gas port on the vacuum shroud of the cryostat.
Just before the gas port, an in-line 2-p sintered filter is
installed to block any microparticles entering the gas
line, which might clog the nozzle orifice. This stain-
less-steel tube is welded to a 1/16” copper tube.
Approximately 272 cm (8 rounds) of this copper tube
is coiled around the first stage of cooling, and
~278 cm (13 rounds) is coiled around the second
stage of cooling to increase the surface contact with
the cryostat. At the second stage, the helium gas cools
down to a minimum temperature of ~10 K. The gas
then enters a copper reservoir, which is coupled to the
second stage of cooling through an extension rod
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Figure 1. (a) Photograph and (b) the schematics of the helium nanodroplets isolation spectrometer at IIT Kanpur (HeNDI-
IITK). TP: Turbomolecular pump; PC: Pickup chamber; GV: Gate valve; QMS: Quadrupole mass spectrometer.
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Figure 2. (a) Customised cryostat with nozzle assembly and (b) expanded view of the nozzle assembly.
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(24.6 cm) made of OFHC copper. On the other end of
the reservoir, the 5-micron nozzle plate is connected
(Figure 2(a) and (b)). The length of the copper
extension rod was chosen to keep the distance between
the nozzle and the skimmer orifice to ~1.5 cm. The 5
pm platinum nozzle (95/5% Platinum-Iridium alloy,
2 mm diameter and 0.6 mm thickness, Plano-
AGAO0200P) is sealed to the copper reservoir using an
OFHC copper gasket (2 mm diameter and 0.4 mm
thickness). Temperatures are monitored at two differ-
ent points, Figure 2(a), one near the second stage of
the cryostat and the other at the reservoir, using two
silicon diode sensors (Lakeshore, DT-670). A 50-watt
cartridge heater in conjunction with a temperature
controller (Lakeshore Model 335) is used to vary and
maintain the temperature of the nozzle assembly.

In between the expansion chamber and the first
pickup chamber, a conical skimmer of 0.5 mm orifice
(nickel, Beamdynamics model 2) is placed to colli-
mate the helium nanodroplets beams generated in the
expansion chamber. A manual gate valve is placed
between the skimmer and the PC-1. This valve allows
us to vent the expansion chamber whenever required
without breaking the vacuum of the rest of the
chambers. The three pickup chambers are intercon-
nected via customised conflat copper discs with a
5 mm orifice at their centre. These discs help in
achieving differential pumping and in minimising the
effusion of sample molecules from one chamber to the
other. All the pickup chambers and the buffer chamber
are standard CF-63 six-way crosses with symmetrical
dimensions of 210 mm in the three perpendicular
directions. For the detection chamber, one of the
lengths is increased to 280 mm to host a Quadrupole
Mass Spectrometer (QMS, Hiden Analytics, HAL/3F-
RC-PIC), which has a crossbeam ionisation source
with an orifice of 4 mm. The helium nanodroplets
beams generated in the expansion chambers pass
through the 0.5 mm skimmer, then the 5 mm orifices
of the copper discs in between the chambers, and
finally, the 4 mm aperture of the QMS, where electron
ionisation occurs. Each of the five chambers is pumped
by dedicated turbomolecular pumps (Edwards nEXT
85D, pumping speed 84 L/s for nitrogen) backed by
rotary vane pumps. Pressures for the expansion, PC-I,
PC-1I, PC-III, and buffer chambers are monitored
using dedicated cold cathode vacuum gauges (Pfeiffer
IKR 251, range 1 x 1072 to 2 x 10~ mbar), and that
of the QMS chamber is measured using a full-range
Bayard—Alpert gauge (Pfeiffer PBR 260, range
1000 to 5 x 107'° mbar). The three pickup chambers
are also equipped with dosing valves (VAT series
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59.0, DN16, all-metal variable leak valve), which are
used to introduce vapours of the molecules of interest
into these chambers. The minimum pressure achieved
in all the chambers at ~300 K without gas load are
given in Table 1. Since the helium droplets are sen-
sitive to background gases (N,, O,, H,O, etc.) and
readily pickup any atom/molecule on their path, it is a
must to maintain a high vacuum throughout their path.
For this, we periodically bake out these chambers at
~100°C.

3. Generation and detection of the helium
nanodroplets

In our lab, we generally form helium nanodroplets
using initial conditions Ty = 10-20 K and Py = 15-50
bar. When the helium droplets are generated, and the
alignment of the nozzle is such that the droplets reach
the detection chamber, a noticeable increase in pres-
sure in all the chambers is observed. The pressures
observed in the chambers for 11 K nozzle temperature
and different helium pressures are given in Table 1.

After travelling through all the chambers, the dro-
plets pass through the 4 mm orifice of the crossbeam
ionisation source of the QMS. Here, the droplets are
ionised via electron ionisation (typically, 70-100 eV).
The additional energy imparted into the droplets as a
result of interaction with the high-energy electrons
leads to their fragmentation, and He! clusters are
formed. The ionised fragments then pass through a
quadrupole filter and are eventually detected by a
secondary electron multiplier.

We generated the droplets under the initial source
conditions of Tp = 11K and Py = 20bar. The mass
spectrum of these droplets, recorded with 80 eV
electron energy over the range of m/z = 6-400 u, is
shown in Figure 3. For the range of m/z = 6-100 u, a
filament current of 200 pA and for m/z = 100-400 u, a
filament current of 400 pA was used to improve the
signal intensity. The spectrum shows characteristic
peaks at multiples of m/z = 4, which correspond to
the He! fragments. In general, the intensities of the
fragments decrease monotonically with increasing m/z,
with a few exceptions, such as fragments at 28, 32, 40,
44, 52 and 56, which have more intensities than
expected. This is well known in the community and is
mainly attributed to the higher stability of the corre-
sponding He ' clusters.”” Intensity observed at
m/z =28 also has a minor contribution from N3*
fragment originating from residual nitrogen in the
apparatus.
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Table 1. Pressures (in mbar) for different chambers at different initial conditions.
Expansion Buffer Detection
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~300 K, without helium  ~2x 1077 <2x107° <2x10° <2x10° <2x10™° ~5x1071°
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With helium gas load (GV-I and GV-II open)
To = 11K, Py = 20 bar 55x% 107 2.2 x107° 1.4 x 1077 2.1 x 1078 1.9 x 1078 3.3 x 1077
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Figure 3. Mass spectrum of helium nanodroplets, generated at 7y = 11 K, Py = 20 bar, over the range of 6-100 u (80 eV
electron energy, 200 pA filament current) and 100400 u (80 eV electron energy, 400 pA filament current). Peak at m/z =

18 originates from residual water in the apparatus.

4. Isolation of the molecules inside the helium
nanodroplets

The molecules of interest can be introduced into
any or all three pickup chambers. As the droplets
pass through these chambers, they capture the
molecules, enabling the isolation of single mole-
cules and the formation of molecular aggregates.
The pickup of the molecules by the droplets fol-
lows Poisson statistics, and the average number of
molecules captured by the droplets can be

controlled by adjusting the partial pressures of the
dopants in the pickup chambers. The use of three
separate pickup chambers provides independent
control over the partial pressures of up to three
different dopant species, allowing formation of
molecular aggregates in different size ratios with
excellent control.

In this work, we isolated formic acid molecules in
the droplets. For this, vapours of formic acid (99%,
Sigma Aldrich) were introduced in the first pickup
chamber at a partial pressure of 2.5 x 10~% mbar. The
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resulting mass spectrum of the droplets embedded
with formic acid molecules is shown in Figure 4. The
observed low-intensity peak at m/z = 46, corresponds
to the HCOOH®* fragment. The most prominent peak
is observed at m/z =29, which corresponds to the
CHO™ fragment formed by the loss of a hydroxy
radical from HCOOH®". The peak observed at m/z =
45 corresponds to HCOO™ fragments, which are
formed by the loss of a hydrogen atom from
HCOOH"**, while the peaks observed at m/z = 28 and
44 correspond to CO™(and He$) and CO; (and Hej,)
fragments, respectively. Peaks observed at m/z =
19,47,91,92 and 93  correspond  to  H3OT,
(HCOOH)H", (HCOOH)HCOO™, (HCOOH);Jr and
(HCOOH),H" fragments, respectively. These frag-
ments arise from oligomers of formic acid, such as
dimers and trimers.

5. Mass-selective infrared spectroscopy
of molecular species isolated inside helium
nanodroplets

To record mass-selective infrared spectra of molecular
species isolated in the helium droplets, we have cou-
pled our machine with a tunable high-resolution
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mid-IR laser source (Toptica Photonics TOPO),
Figure 5. The laser source is a continuous wave optical
parametric oscillator, which is pumped by a Dis-
tributed-Feedback-Diode laser (DFB-Pro-BFY,
1064 nm, tunability of ~700 GHz). The output of the
pump laser is power amplified to 10 watts using a
Fibre amplifier (IPG photonics, YAR-10-1064-LP-
SF). This pump beam is split into a signal (1.45—
2.07 pm, 4830-6900 cm™ ") and an idler beam (2.19—
4.00 pm, 2500-4570 cm™') by passing it through a
non-linear crystal. The idler radiation is tunable with a
frequency resolution as good as 0.0001 cm™'. The
wavelength of the pump and signal beam is monitored
using a wavelength meter (Highfiness WS/6-200,
measurement range 0.5-2.25 pm, accuracy 200 MHz),
from which the wavelength of the idler beam is cal-
culated using 1/Zigier = 1/ Apump — 1/ Asignal-

Helium droplets are transparent to IR radiation.
However, when exposed to mid-infrared radiation
resonant with the molecular transitions, the embedded
molecules become vibrationally excited. The mole-
cules then relax back to their ground state by trans-
ferring the excess energy to the surrounding helium
droplets. This leads to the evaporation of several
hundred helium atoms (approximately one helium
atom per 5 cm™ ! energy) from the droplets, resulting
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Figure 4. Mass spectrum of helium nanodroplets (T = 11 K, Py = 20 bar) embedded with formic acid molecules at a
formic acid partial pressure of 2.5 x 107% mbar. The spectrum was recorded with 80 eV electron energy and 100 pA

filament current.
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Figure 6. Effect of laser radiation of frequency 3572.2940 cm™" on the ion current for m/z = 29 (CHO™ fragment).

in a reduced electron ionisation cross-section of the
droplets. Consequently, on resonance, the laser radia-
tion produces a dip in the ion currents of fragments.
This depletion is detected via phase-sensitive detection
with a lock-in amplifier (SRS, SR-850). An optical
chopper, which modulates the laser at a frequency of
10 Hz, is used as a reference for the lock-in amplifier.
Recording the depletion in the ion current as a function
of laser frequency yields the infrared spectrum of the
embedded molecule.

We once again selected formic acid as a model
system to test the performance of our spectrometer.
The formic acid monomer has been studied previously
in helium nanodroplets.®”~"* Madeja et al.® reported
well-resolved ro-vibrational features in the O-H and
C-H stretching ranges. However, the study was non-
mass selective since a bolometer was used as a
detector. More recently, Meyer et al.”® reported mass-
selective infrared spectra of formic acid in helium
nanodroplets and reported the O-H vibrational band
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Figure 7. Mass-selective infrared spectrum of formic acid embedded in helium nanodroplets, measured at m/z =29 u. The
dotted line separates the transitions of the O—H stretching band from those of the C-H stretching + O—C=0 deformation
combination band. The assignments are adapted from Madeja er al.®’

for the monomer at ~ 3570 cm™'. However, due to the
use of a pulsed laser source with a bandwidth of
4 cm_l, the rotational information was absent.

In our measurements, we first fixed the laser fre-
quency at 3572.2940 cm ™', which corresponds to the
v=1(1y;) < v =0(0gp) ro-vibrational transition of
the OH stretching band of formic acid monomer. The
laser power was set to ~800 mW. The ion current of
the CHO™ fragment (m/z = 29) of formic acid was
recorded when the laser was blocked (off) and
unblocked (on). As shown in Figure 6, exposure of the
doped droplets to laser radiation resulted in ~9%
depletion of the m/z = 29 ion current, indicating a
significant reduction in the ionisation cross-section of
the droplets due to ro-vibrational excitation of the
embedded formic acid molecules.

The infrared spectrum was then recorded by scan-
ning the laser frequency and monitoring the ion cur-
rent at m/z = 29 with the lock-in amplifier such that a
positive lock-in signal corresponds to depletion in the
ion current. The resulting mass-selective spectrum in
the range of ~3568.8-3572.7 cm~ !, obtained at
~0.005 cm ™! resolution, is shown in Figure 7.

A total of ten well-resolved ro-vibrational transi-
tions, corresponding to the O-H stretching and C-H
stretching + O—C=0 deformation combination bands
of the formic acid monomer, were observed. The
rotational ~ assignments (J ’K; K ’I’(Z x) of the

observed transitions are indicated in Figure 7. These
assignments are based on the previous assignments by
Madeja et al.*® The spectrum presented in Figure 7 is
in excellent agreement with that reported previously
by Madeja et al.® confirming the performance of our
spectrometer.

6. Conclusion and outlook

We have presented the design and implementation of a
newly developed helium nanodroplets isolation spec-
trometer at IIT Kanpur. Its operation was demon-
strated through the mass spectra of pure helium
nanodroplets and helium nanodroplets doped with
formic acid molecules. Furthermore, we reported the
mass-selective infrared spectrum of the formic acid
monomer in the range ~ 3568.8-3572.7 cm™ .

Currently, the spectrometer enables the investiga-
tion of molecules that can be isolated into droplets
from samples with sufficient vapour pressure. In the
future, we plan to integrate a vacuum oven to allow
studies of low-volatility compounds that can be
vaporised through heating. This will enable the isola-
tion and further analysis of, for example, small bio-
molecules in the droplets. We also plan to add a
pyrolysis source for studying molecular radicals. This
will also facilitate studies of reactions of these radicals
with neutral molecules.
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