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Abstract 
Computational science, also known as scientific computing, uses advanced computing 

capabilities to understand complex chemical and physical problems.  Recent 

advancements in computer performance have substantially broadened the applicable 

fields: quantum chemistry, reaction kinetics, molecular dynamics, machine learning, 

optics, ion and electron beams, etc.  This research aims to provide novel computer assisted 

approaches to ion-beam manipulation and liquid-droplet dynamics that are of particular 

interest in a vacuum.  In the first part, the author developed an ion reflector for a mass 

spectrometer with a novel design improving ion-beam convergence, based on 

computational solutions of Laplace’s equation.  The numerical approach was extended 

further to establishing a methodology for analyzing spatial distribution of ions stored in 

a linear ion trap.  In the second part, the author tackled the problems of water droplets in 

a vacuum by means of spectroscopy and imaging experiments, employing computational 

approaches to the Mie theory, Navie–Stokes equations, machine learning, and image 

processing to extract properties of water in the supercooled state during rapid evaporative 

cooling.  The implications of this research extend beyond the immediate scope, offering 

valuable insights into computer assisted studies. 
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Chapter 1.  General introduction 
Gas phase spectroscopy of isolated clusters is widely employed to measure 

their chemical properties.  In particular, size selected clusters have been of interest as their 

properties exhibit non-scalability with the number of constituent atoms or molecules.  

Photodissociation [1–3] and photoelectron spectroscopy [4–10] gives insights into 

stability and geometry of the clusters.  Major techniques in experiments are laser 

spectroscopy, mass spectrometry, and ion beams and traps. 

Photodissociation spectroscopy is based on the development of ionization and 

ion-trap techniques as well as mass spectrometry.  Major ionization techniques are 

electron impact [11], magnetron sputtering [12], matrix-assisted laser 

desorption/ionization (MALDI) [13, 14], and electrospray ionization (ESI) [15, 16].  

Ionized clusters or molecules are accumulated and thermalized in ion traps.  Among the 

versatile traps, linear multipole ion traps developed by Gerlich [17] have been making 

significant contribution in molecular physics.  The combination of a linear multipole ion 

trap and a reflectron time-of-flight mass spectrometer [18] has been proven to be very 

useful in photodissociation spectroscopy.   

More recently, evaporative cooling of liquids in a vacuum has emerged as a 

powerful technique for novel studies of supercooled liquids [19–21].  In these 

experiments, a laminar liquid jet was employed to generate 6–12 μm diameter water 

droplets in the estimated temperature of 230 to 250 K.  From diffraction of femtosecond 

X-ray laser pulses [19] and Raman spectra of the OH stretching mode [21], ice formation 

is reported in the supercooled regime (at homogeneous ice nucleation temperature). 

Today’s personal computers have processing speed that exceeds the “SX-3” 

supercomputer (NEC Corp. in 1989) by more than 30 times.  The semiconductor 
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industry’s commitment to “Moore’s Law” has resulted in significant acceleration to the 

increasing rates of transistor integration.  G. Moore passed away in March 2023.  

Computational chemistry has experienced remarkable growth with the enhanced 

performance of computers.  Notably, various studies carried out by quantum-chemical 

calculations, molecular-dynamics simulations, and machine-learning approaches are 

presented in conferences of the Chemical Society of Japan.  There are numerous frontiers 

yet to be explored, for example, analytically unsolvable problems like those in ion optics, 

Mie theory, etc. 

For advancing these gas phase investigation, the present doctoral research took 

advantages of computer science as well as experimental techniques such as Raman 

spectroscopy and a high-speed camera.  The dissertation is organized by five distinct 

chapters in two major parts, each of which is addressing a specific facet of the research.  

Chapter 2 in the first part describes development of a reflectron time-of-flight mass 

spectrometer with a novel design to achieve a high detection efficiency required for 

photofragmentation spectroscopy of size selected clusters (Figure 1-1).  The design is 

conceptualized by demonstrating its performance for Ag3
+ extracted from a linear ion trap.  

In Chapter 3, numerical ion-beam simulation is presented for predicting a spatial ion 

distribution in linear multipole traps (Figure 1-2).  With the recent up-graded CPU (central 

processing unit), it is now feasible to compute the distribution of ions near the space 

charge limit.  Roland Glowinsk, known in the field of computational science of partial 

differential equations, emphasizes the importance of validation of numerical results based 

on experimental data [22].  This dissertation also places utmost importance on the 

validation and reproducibility of computational simulations based on experiments.  The 

numerical results of ion distributions were validated by comparing with the results of 
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tomography measured by photofragmentation [23].  In the latter part, Chapters 4 and 5 

show the dynamics of water droplets in a vacuum (Figure 1-3).  Quadrupole oscillation 

induced upon droplet generation was observed, allowing detection of changes both in 

surface tension and in viscosity due to supercooling.  The shrinking sizes of evaporatively 

cooled water droplets were probed by whispering gallery modes (WGMs) observed in the 

OH stretching band of water in the Raman scattering spectrum.  Subsequent freezing 

events were investigated by a high speed camera, leading to discussion on the 

homogeneous ice nucleation rate and the process of ice-crystal growth.  Evaporative 

cooling in a vacuum induces fragmentation of water droplets of 40 µm in diameter, which 

is in contrast to the prediction of the model calculation that less than 50 µm would not 

fragment [24].  Finally, Chapter 6 demonstrates that the precision of the droplet-size 

measurement via WGMs can be enhanced further by employing multiplex coherent anti-

Stokes Raman scattering, which enables observation of multiple WGM signals in a 

broadband.   
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Figure 1-1.  Conceptual graphics of the improved reflectron 
time-of-flight mass spectrometer. (Chapter 2) 



 

5 

 

 
 
  

 
Figure 1-2.  Graphical abstract of spatial distribution of ions in linear 
pole traps near space charge. (Chapter 3) 

 
Figure 1-3.  A schematic showing dynamics of water droplets 
evaporatively cooled in a vacuum. (Chapter 4,5) 



 

6 

References 

1. M. A. Johnson, M. L. Alexander, and W. C. Lineberger, Chem. Phys. Lett. 112, 285 

(1984). doi: 10.1016/0009-2614(84)85742-5 

2. W. A. Saunders, P. Fayet, and L. Wöste, Phys. Rev. A 39, 4400 (1989). 

doi: 10.1103/PhysRevA.39.4400 

3. R. Schäfer and J. A. Becker, Phys. Rev. B 54, 10296 (1996). 

doi: 10.1103/PhysRevB.54.10296 

4. O. Cheshnovsky, K. J. Taylor, J. Conceicao, and R. E. Smalley, Phys. Rev. Lett. 64, 

1785 (1990). doi: 10.1103/PhysRevLett.64.1785 

5. G. Ganteför, M. Gausa, K-H. Meiwes-Broer, and H. O. Lutz, J. Chem. Soc. 

Faraday Trans. 86, 2483 (1990). doi: 10.1039/FT9908602483 

6. A. Nakajima, T. Taguwa, K. Hoshino, T. Sugioka, T. Naganuma, F. Ono, K. 

Watanabe, K. Nakao, Y. Konishi, R. Kishi, and K. Kaya, Chem. Phys. Lett. 214, 

22 (1993). doi: 10.1016/0009-2614(93)85449-X 

7. J. Akola, M. Manninen, H. Häkkinen, U. Landman, X. Li, and L. S. Wang, Phys. 

Rev. B 62, 13216 (2000). doi: 10.1103/PhysRevB.62.13216 

8. D. M. Neumark, Annu. Rev. Phys. Chem. 52, 255 (2001). 

doi: 10.1146/annurev.physchem.52.1.255 

9. J. V. Coe, S. M. Williams, and K. H. Bowen, Int. Rev. Phys. Chem. 27, 27 (2008). 

doi: 10.1080/01442350701783543 

10. L. Ma, K. Majer, F. Chirot, and B. von Issendorff, J. Chem. Phys. 131, 144303 

(2009). doi: 10.1063/1.3245859 

11. J. E. Pollard and R. B. Cohen, Rev. Sci. Instrum. 58, 32 (1987). 



 

7 

doi: 10.1063/1.1139562 

12. H. Haberland, M. Karrais, M. Mall, and Y. Thurner, J. Vac. Sci. Technol. A 10, 

3266 (1992). doi: 10.1116/1.577853 

13. K. Tanaka, H. Waki, Y. Ido, S. Akita, Y. Yoshida, and T. Yoshida, Rapid Commun. 

Mass Spectrom. 2, 151 (1988). doi: 10.1002/rcm.1290020802 

14. M. Karas and F. Hillenkamp, Anal. Chem. 60, 2299 (1988). 

doi: 10.1021/ac00171a028 

15. C. M. Whitehouse, R. N. Dreyer, M. Yamashita, and J. B. Fenn, Anal. Chem. 57, 675 

(1985). doi: 10.1021/ac00280a023 

16. J. G. Boyle and C. M. Whitehouse, Anal. Chem. 64, 2084 (1992). 

doi: 10.1021/ac00042a011 

17. D. Gerlich, Adv. Chem. Phys. 82, 1 (1992). doi: 0.1002/9780470141397.ch1 

18. B. A. Mamyrin, V. I. Karataev, D. V. Shmikk, and V. A. Zagulin, Sov. Phys. JETP 37, 

45 (1973). 

19. J. A. Sellberg, C. Huang, T. A. McQueen, N. D. Loh, H. Laksmono, D. Schlesinger, 

R. G. Sierra, D. Nordlund, C. Y. Hampton, D. Starodub, D. P. Deponte, M. Beye, C. 

Chen, A. V. Martin, A. Barty, K. T. Wikfeldt, T. M. Weiss, C. Caronna, J. Feldkamp, 

L. B. Skinner, M. M. Seibert, M. Messerschmidt, G. J. Williams, S. Boutet, L. G. M. 

Pettersson, M. J. Bogan, and A. Nilsson, Nature 510, 381 (2014). 

doi: 10.1038/nature13266 

20. H. Laksmono, T. A. McQueen, J. A. Sellberg, N. D. Loh, C. Huang, D. Schlesinger, 

R. G. Sierra, C. Y. Hampton, D. Nordlund, M. Beye, A. V. Martin, A. Barty, M. M. 

Seibert, M. Messerschmidt, G. J. Williams, S. Boutet, K. A. Winkel, T. Loerting, L. 

G. M. Pettersson, M. J. Bogan, and A. Nilsson, J. Phys. Chem. Lett. 6, 2826 (2015). 



 

8 

doi: 10.1021/acs.jpclett.5b01164 

21. C. Goy, M. A. C. Potenza, S. Dedera, M. Tomut, E. Guillerm, Anton Kalinin, K. Voss, 

A. Schottelius, N. Petridis, A. Prosvetov, G. Tejeda, J. M. Fernández, C. Trautmann, 

F. Caupin, U. Glasmacher, and R. E. Grisenti, Phys. Rev. Lett. 120, 015501 (2018). 

doi: 10.1103/PhysRevLett.120.015501 

22. M-O. Bristeau, G. Etgen, W. Fitzgibbon, J. L. Lions, J. Périaux, and M. F. Wheeler 

(Ed.), Computational Science for the 21st century, 1st ed., Wiley Press, 1997. 

23. T. Majima, G. Santambrogio, C. Bartels, A. Terasaki, T. Kondow, J. Meinen, and 

T. Leisner, Phys. Rev. A 85, 053414 (2012). doi: 10.1103/PhysRevA.85.053414 

24. S. Wildeman, S. Sterl, C. Sun, and D. Lohse, Phys. Rev. Lett. 118, 084101 (2017). 

doi: 10.1103/PhysRevLett.118.084101 

 

  



 

9 

 



 

10 

 
 
 
 
 
 
 
 

Part 1 

 

 

Gas-phase ion-beam techniques 

for cluster science 
 

  



 

11 

Chapter 2.  Reflectron time-of-flight mass spectrometer 

for improved convergence of ion beam 

2-1.  Introduction 

Time-of-flight mass spectrometry is widely employed for mass analysis of 

various ions ranging from small molecules to large substances.  Its advantages over other 

mass spectrometers are short acquisition time of measurement and no theoretical mass 

limit.  A TOF mass spectrometer (TOF-MS) is combined with various ionization 

techniques such as multi-photon ionization [1], electron impact [2], matrix-assisted laser 

desorption/ionization (MALDI) [3,4], and electrospray ionization (ESI) [5,6].  The basic 

principle is that ions accelerated by the same electric potential travel at velocities 

dependent on their mass-to-charge ratio, m/q.  The ratio can be determined by measuring 

their arrival times at an ion detector, which is proportional to (m/q)1/2. 

A typical TOF-MS employs a two-stage extraction field for ions, so called the 

Wiley-McLaren configuration [7], which compensates for the arrival time dispersion 

caused by ions distributed in a finite volume in the first extraction field.  This is known 

as “space-focusing,” which improves mass resolving power significantly.  Space-focusing 

condition can be optimized by adjusting the potential difference between the two 

extraction fields.  Once the space-focusing condition is optimized, one can further 

improve mass resolving power by an ion reflector proposed by Mamyrin et al. [8], where 

ions are reflected so that the arrival-time dispersion caused by initial kinetic-energy 

distribution of ions is compensated for by “energy-focusing.”  Among various types of 

ion-extraction electrodes and ion reflectors developed so far [9], most of high-resolution 
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TOF-MSs employ the Wiley-McLaren configuration combined with Mamyrin’s ion 

reflector, which is known as a reflectron TOF mass spectrometer (RTOF-MS).   

It should be noted that an ion reflector itself causes diverging ion trajectories.  

In conventional designs of RTOF-MSs, the electric field created in an ion reflector has a 

cylindrical symmetry, where the symmetry axis is tilted with respect to an incoming ion 

beam to reflect the ions to an ion detector.  Here, ions with dispersed kinetic energies pass 

through different trajectories as high-energy ions penetrate deeper in the ion reflector than 

low-energy ones.  Therefore, ions that extremely spread over a large volume in the first 

ion-extraction region could reach out of the detector due to their significantly dispersed 

kinetic energies, as described in detail in the next section.  Note that, to the best of our 

knowledge, this problem has not been addressed before because the initial ion volume in 

conventional RTOF-MSs is usually arranged to be small so as to achieve high mass 

resolution, which allows all the ions to reach the detector.   

In the present study, we develop a novel ion reflector that improves 

convergence of energetically spread ion beams to overcome this problem in conventional 

RTOF-MSs.  Our new ion reflector has an electrostatic lens in front of a conventional 

grid-less ion reflector [10] for converging ion beam on a detector.  The ion lens consists 

of a metal plate with two through-holes and an eyeglasses-frame electrode, allowing both 

incoming and outgoing beams to pass through the center of the apertures of the lens, 

where an ideal electric field is formed.  We note that, although combination of an 

electrostatic lens with a grid-less ion reflector has been reported by Scherer et al. for 

steering an ion beam toward a detector [11], our design and objective are totally different 

from theirs.  Here we aim at efficient detection of large-volume ions, extending previous 

studies on linear TOF-MSs [12–14] to RTOF-MS.   
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2-2.  Ion-trajectory simulations 

A conventional ion reflector 

First we demonstrate divergence of an ion beam caused by a conventional ion 

reflector using ion-trajectory simulation.  We performed trajectory simulations by 

SIMION8.0 software [15], assuming RTOF-MS equipped with a Wiley-McLaren-type 

ion accelerator and a grid-less ion reflector as shown in Figure 2-1.  A MCP (Micro-

Channel Plate) with an effective diameter of 14.5 mm was assumed as an ion detector.  

We deal with silver cluster ions for the present demonstration.  Fifty ions of one of the 

isotopologues of Ag3
+ were randomly generated at initial velocities of zero in a volume 

as large as 1.8 cm3, i.e., a cylinder with 12-mm diameter and 16-mm length, in the first 

stage of the accelerator (the ion-extraction region).  Voltages applied to the acceleration 

electrodes and the ion reflector were optimized as such that flight times of two ions 

separated by 11 mm along the flight path in the ion-extraction region were within 0.01 

ms.  Note that grid-less ion-extraction electrodes proposed by Sarugaku et al. [14] for 

linear TOF-MS did not provide sufficiently high mass resolution in RTOF-MS probably 

because the energy spread of the ions was too large to be compensated for by a reflectron.  

Therefore, the present ion-extraction electrodes are with a mesh both in the simulation 

and in the experiment described later.  Ion trajectories thus calculated are shown in Figure 

2-1(a); the ion beam significantly diverges after exiting the ion reflector, which degrades 

the efficiency of ion detection at the MCP.   

The reason for this divergence is explained by Figure 2-2, which shows a cross-

sectional view of calculated equipotential surfaces around the ion reflector of Figure 2-

1(a).  It is evident from this figure that the electric-field gradient in front of the ion 
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reflector (the blue-shadowed region) causes the ion beam to be dispersed due to kinetic-

energy difference when the ion-beam path is off the axis of the cylindrical symmetry of 

the ion reflector (the dash-dot line in Figure 2-2).  On the other hand, one expects that the 

ion beam converges by the electric-field gradient upon leaving the ion reflector if it passes 

along the axis of the cylindrical symmetry, which is the key finding in the present 

simulation for our design of a new ion reflector.   

A new ion reflector 

Figure 2-3 shows a schematic view of a new ion reflector designed in this study.  

Novel features of this reflector are (a) an eyeglasses-frame electrode and (b) an electrode 

with two through-holes mounted in front of (c) a stack of reflecting electrodes.  While the 

electrode with two through-holes is grounded, the eyeglasses-frame electrode is 

negatively/positively biased for positively/negatively charged ions.  This configuration 

creates two ion lenses working both for incoming and for outgoing ions, which allows the 

outgoing ion beam to converge on a detector.  The inner diameters of the lens electrodes 

(a) and (b) are assumed to be 65 mm, which is the largest possible size for the reflecting 

electrodes (c) with an inner diameter of 140 mm; the large lens aperture has an advantage 

in introducing laser or X-ray beam for spectroscopic applications.   

The performance of the new reflector is examined by creating a 3D model 

shown in Figure 2-4(a) based on our setup [16]; we suppose to replace our current ion 

reflector with the new one.  We simulated ion trajectories repeatedly to optimize voltages 

applied to the accelerator, einzel lens, deflectors, and the new ion reflector.  The same 

initial volume of an ion cloud was assumed in the extraction region that employed in the 

simulation of Figure 2-1.  As many as 10,000 ions were randomly generated with zero 
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velocity in this case to critically examine the performance of the new reflector by 

producing a TOF histogram.  The calculated ion trajectories are shown in Figures 2-4(b) 

and (c), which are 2D projections from the X- (a top view) and Y-axis (a side view), 

respectively, in Figure 2-4(a).  All the ions are successfully converged on the MCP with 

an effective diameter of 14.5 mm as shown in Figure 2-4(d).  Figures 2-4(e) and (f) show 

cross-sectional views of the calculated equipotential surfaces formed by the ion reflector.  

Unlike Figure 2-2, the divergence of the ion beam outgoing from the reflector is 

significantly suppressed by the local electric-field gradient formed in front of the reflector.  

The present simulation showed that the greenish region in Figures 2-4(e) and (f) is the 

electric-field gradient inherent to the eyeglasses-frame electrode, which works for the ion 

beam to converge in the X (vertical) direction, whereas the blue regions due to the 

grounded electrode work for convergence both in the X (vertical) and Y (horizontal) 

directions.   

We further examined effects of the eyeglasses-frame electrode and the aperture 

diameter of the additional lens as shown in Figure 2-5.  Figure 2-5(a) replicates Figure 2-

4(d), showing spatial distribution of ions on the MCP detector calculated for the present 

configuration of the ion reflector illustrated in Figure 2-3.  Figure 2-5(b) shows ion 

distribution obtained for a configuration without the eyeglasses-frame electrode, where 

ions undergo significant divergence in the X direction.  Both the two through-holes and 

eyeglasses-frame electrodes are thus essential to guide all the ions to the detector.  On the 

other hand, Figure 2-5(c) shows the case where the diameter of the lens apertures is 

reduced from 65 to 45 mm.  The ion distribution of Figure 2-5(c) is almost the same as 

Figure 2-5(a), indicating that the size of the lens aperture does not have much influence 

on the ion detection efficiency.   
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2-3.  Experimental procedure 

We built a new reflector shown in Figure 2-6 based on the results of simulation. 

The inner diameters of the lens electrodes and the reflecting electrodes of the reflector are 

65 and 140 mm, respectively, as assumed in the simulation.  The six pieces of cylindrical 

electrodes ((c) in Figure 2-6) are stacked with ruby balls (3 mm in diameter) in between 

for electric insulation, while the electrodes are connected by a chain of 10-MΩ resistors.  

The electrode (d), which has a 37-mm-diameter through-hole for introducing laser beams 

or synchrotron radiation, is placed on a PEEK base to make it electrically isolated from a 

mounting flange (not shown in Figure 2-6).  All the electrodes are coated with fine 

graphite for preventing static charge.   

 After implementing the new ion reflector in our RTOF-MS, we 

examined its performance using silver trimer ions, Ag3
+.  The details of our setup for 

metal-cluster experiment have been described elsewhere [16].  Briefly, silver clusters are 

generated by a magnetron-sputter cluster-ion source cooled by liquid nitrogen [17,18].  

Ag3
+ ions size-selected by a quadrupole mass filter are transported through radio-

frequency octopole ion guides and quadrupole deflectors, and are admitted to a 30-cm-

long linear ion trap filled with a buffer helium gas (0.2 Pa).  The Ag3
+ ions thus stored are 

ejected from the ion trap by a pulsed voltage operating at 1 Hz to be introduced into the 

RTOF-MS.  The ejected ions are injected into the ion-extraction region of TOF collinearly 

to the flight path of the ions, i.e., from left to right in Figure 2-4(a).  The distance between 

the two extracting electrodes is 20 mm; the electrode plates are with a 20-mm diameter 

through-hole attached with a 78%-transmittance metal mesh.  The ions are thus 

distributed in a cylinder of 20-mm diameter and 20-mm length (a volume of 6.3 cm3) in 
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the beginning of acceleration.  The accelerated ions are detected after folded back from 

the ion reflector to measure a TOF spectrum and a spatial profile of the ion beam.  For 

spatial-profile measurement, the ions are detected by a MCP coupled with a phosphor 

screen (F1217-01, Hamamatsu Photonics KK, 40-mm effective diameter) to capture 2D 

images of ions by a digital camera.  For TOF-spectrum measurement, on the other hand, 

a fast-response MCP (F4655-14, Hamamatsu Photonics KK, effective diameter 14.5 mm) 

is employed to evaluate mass-resolving power.   

 

2-4.  Experimental results 

Figure 2-7(a) shows a typical 2D image of Ag3
+ on the phosphor screen.  The 

ions are successfully converged on the MCP detector as manifested in the image.  The 

intensity profiles along X and Y axes are shown in Figures 2-7(b) and 7(c), respectively, 

which have nearly Gaussian profiles with a full-width at half-maximum (FWHM) of less 

than 10 mm.  We thus succeeded in demonstrating an advantage of the novel ion reflector, 

which enables convergence of ions initially spread over a volume as large as 20 mm × 20 

mm × 20 mm in space.   

On the other hand, the blue solid line in Figure 2-8 shows a TOF spectrum of 

Ag3
+ measured by using the fast-response MCP.  Four peaks of isotopologues originating 

from silver isotopes (107Ag and 109Ag) are clearly resolved.  Multiple-peak fitting of the 

spectrum assuming Gaussian profiles yielded mass resolution (M/∆M) of about 600.  The 

green dashed line in Figure 2-8 presents a TOF histogram of 10,000 Ag3
+ calculated by 

the ion trajectory simulations mentioned in Section 2.2, where the isotope ratio between 

107Ag and 109Ag (0.5184 and 0.4816, respectively) was taken into account.  The good 
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agreement between the measured and calculated TOF spectra indicates that our new 

RTOF-MS works as designed.  It is also simulated that the mass-resolving power would 

be as high as M/∆M ≈ 1800 if the initial volume of ions in the extraction region be a 

sphere of 1 mm in diameter.   

2-5.  Conclusion 

A novel ion reflector for RTOF-MS was developed to improve convergence of an ion 

beam.  The new reflector has two features: (1) two apertures providing separate beam paths for 

incoming and outgoing ions and (2) an eyeglasses-frame electrode applying a bias voltage in front 

of the reflector.  These features allow both incoming and outgoing ions to pass through the center 

of the apertures, where the equipotential surfaces are appropriately designed so as to materialize 

convergence of ion beams.  We demonstrated that Ag3
+ ions converge on an ion detector with a 

spot size less than 10 mm in FWHM, even when the initial volume of the ions in the TOF 

extraction region is as large as 6.3 cm3 (a cylinder with 20-mm length × 20-mm diameter).  The 

mass resolving power was demonstrated to be reasonably good as well.  Our new RTOF-MS 

would be suited not only for mass analysis of ions extracted from an ion trap but also, for example, 

for photoionization mass spectrometry of molecules and clusters by unfocused vacuum ultraviolet 

(VUV) radiation [19].   
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Figure 2-1. (a) A result of ion trajectory simulation of RTOF-MS equipped with 
a Wiley–McLaren ion accelerator and a conventional grid-less ion reflector.  (b) 
An enlarged view of the accelerator: 50 ions were randomly generated in a 
cylinder of 12-mm diameter × 16-mm height in the extraction region.  Only a 
part of the ions reaches the detector as the ions folded back by the ion reflector 
are diverging. 

 

Figure 2-2. A cross-sectional view of calculated equipotential surfaces around 
the conventional ion reflector shown in Figure 2-1(a).  It illustrates how the 
reflected ion beam diverges by the electric-field gradient formed in front of the 
reflector (the gray-shadowed region).   
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Figure 2-3. A schematic view of a new ion reflector designed in this study.  (a) 
An eyeglasses-frame electrode.  (b) A grounded electrode with two through-
holes.  (c) A stack of cylindrical electrodes.   

 
Figure 2-4. (a) A 3D model of the new RTOF-MS used in ion trajectory 
simulations.  (b) and (c) Cross-sectional views of calculated ion trajectories 
from X (top view) and Y (side view) axes in Figure 2-4(a), respectively.  (d) A 
2D profile of ions on the MCP detector with 14.5-mm effective diameter.  (e) 
and (f) Cross-sectional views of calculated equipotential surfaces around the 
new reflector.   
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Figure 2-5. 2D profiles of ions on the MCP detector for different configurations 
of the ion reflector in RTOF-MS.  (a) An original design of the ion reflector 
mounting a lens (a plate with two through-holes and an eyeglasses-frame 
electrode) with 65-mm diameter apertures.  (b) An ion reflector without an 
eyeglasses-frame electrode.  (c) An ion reflector with a size of lens apertures 
reduced to 45 mm.   
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Figure 2-6. A rendered view of the new reflector built in this study.  (a) An 
eyeglasses-frame electrode (SUS 304).  (b) A grounded plate with two through-
holes (A5052).  (c) Cylindrical electrodes (A5052).  (d) A base plate with a 
through-hole (A5052). 

 
Figure 2-7. (a) A 2D image of Ag3+ ions detected by a MCP with a phosphor 
screen.  (b) and (c) Solid lines: intensity profiles along X and Y, respectively.  
Dashed lines: Gaussian fitting curves.   
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Figure 2-8. A TOF spectrum of isotopologues of Ag3+ ions.  Blue solid curve: 
an experimental result.  Green dashed curve: a TOF histogram obtained by 
simulation on 10,000 ions randomly created in the ion-extraction region of 
Figure 2-4(a).  The natural isotope ratio was assumed for Ag isotopes.   
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Chapter 3.  Ion trajectory simulation of trapped ions 

nearly at the space-charge limit 

3-1.  Introduction 

Ion traps have been essential in chemical physics since the radio-frequency (rf) 

Paul trap [1] was developed.  For 30 years, advancements in ion-trap techniques have 

given us versatile tools to explore physical and chemical properties of atoms, molecules 

and, clusters.  Within those techniques, particularly noteworthy are the linear multipole rf 

ion traps by D. Gerlich [2], which have played a significant contributions in molecular 

physics.  Linear multipole ion traps enable accumulation, temperature control and 

manipulation of ions for advanced spectroscopy [4-15], reaction-kinetics measurements 

[16-21], ultracold studies [22-25], etc. 

In ion optics, linear multipole ion traps are one of the most elaborate systems.  

Manipulation of charged particles (ion optics) has been developed in the field of electron 

beams and ion mass spectrometry, where the pressure is so low, i.e., the mean free path is 

so long, that collisions between ions and background neutral atoms or molecules are 

negligible.  On the other hand, in a linear multipole trap, about 0.1-Pa buffer gas is 

introduced to control the temperature [27] and to form an ion cloud in an equilibrated 

manner [28].  Helium is commonly chosen as the buffer gas, which is accessible down to 

cryogenic temperatures.  The stored ions undergo various phases depending on 

temperature.  At extremely low temperature, trapped atomic ions form a so-called 

Coulomb crystal, where the repulsion between ions is counterbalanced by the 

confinement imposed by the rf field [22,23].  As the temperature is raised, the Coulomb 
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crystal melts into an ion cloud due to collisions with the buffer gas.  The spatial profile of 

the ion cloud is thus governed by the balance between the rf field, the buffer gas collisions, 

and the Coulomb repulsion.  In particular, when ions are accumulated up to the space 

charge limit, repulsion between ions cannot be ignored. 

In many applications of ion traps, it is important to characterize an ion-density 

profile in the trap because spatial distribution of ions have been found not to be uniform 

[29,30].  In photodissociation spectroscopy, for example, optimizing the alignment of the 

incident laser beam with the ion cloud is crucial for quantitative measurement of cross 

sections of optical responses.  The discussion about dynamics of ions in a linear multipole 

rf trap has been explored by incorporating the effective potential of the rf field through 

the adiabatic approximation and the Coulomb repulsion by the mean-field approach [31].  

Experimentally, an octopole trap is reported to have a ring-like ion distribution [29,32].  

A comparable ring-type distribution has also been observed in a 12-pole trap [33].  In 

contrast, a quadrupole trap tends to locate the ions around the central axis of the trap [34-

36]. 

In this research, we explore the ion distribution in a linear rf trap by ion 

trajectory simulation (SIMION [37]).  The calculation of ion trajectories in rf multipole 

traps is computationally intensive.  Therefore, certain approximations are employed.  

Specifically, Monte Carlo methods and Laplace’s equation are utilized to address space 

charges, while a hard sphere collision model is applied to depict interaction among ions 

and buffer gas.  This chapter demonstrates that the results obtained from SIMION are 

satisfactory for quantitative evaluation of ion distributions experimentally observed for a 

linear octopole trap at a high density of ions.  Also, the simulation is consistent with an 

analytical prediction based on the adiabatic approximation [3,31], which assumes 
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pseudopotential [38] and thermal equilibrium.  We report effects of the space charge and 

the temperature on the ion distribution in an octopole trap; the former is influenced by the 

amount of ions stored in the trap.  An effect of the electrode structure is also discussed for 

a quadrupole trap.  The present method can be applied to predicting spatial distribution 

of ions in the traps, even under space-charge-limit conditions, and also provides insights 

into ion temperature.   

3-2.  Computational procedures and conditions for ion cloud in traps by 

SIMION 

A structure model of a linear octopole ion trap was created by referring to the 

experimental setup [9,39] as shown in Figure 3-1: the trap consists of 400 mm-long pole 

electrodes with 3 mm diameter, which were arranged in a cylindrical manner with 11 mm 

inscribed diameter, and two ring electrodes at both ends of the pole electrodes.  The pole 

and ring electrodes were applied with rf and dc potentials for radial and axial confinement, 

respectively.  The simulation space was defined using a potential array with a grid size of 

0.2 mm, which was the minimum grid size available without exceeding the maximum 

number of grids (2×108) manageable in 32-bit SIMION 8.0.  It is noteworthy that the 

maximum number of grids has been greatly improved to 2×1010 with SIMION8.1 with 

64-bit support.  Whatever the case, 0.2 mm grid size was sufficiently small not only to 

approximate a smooth cylindrical surface of the pole electrodes but also to well-reproduce 

the potential gradient inside the trap for calculation of ion trajectories.  As for ions to trap, 

Ag2
+ was assumed, which is characterized by an averaged mass of 216 u and a collisional 

cross section with a He gas of 3.25×10–19 m2 that has been reported by ion mobility 

experiment [40].  The collision cross section was calculated from a van der Waals radius 
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or the Langevin collision theory in other report [44].  Although the collision cross section 

is expected to be energy dependent, it was assumed to be constant in the present 

simulations.  The trap was driven by 3 MHz rf potentials with an amplitude of 200 V; its 

offset dc was adjusted to –12 V.  An axial potential barrier was given by the ring electrodes 

biased at +10 V.  These parameters were taken from the conditions of experiment reported 

previously [29].  In SIMION, a 3D potential array is calculated by solving the Laplace 

equation.  It should be noted that the Laplace equation inherently cannot handle space 

charge because it is a special case of the Poisson equation, assuming zero space charge 

throughout the volume.  Therefore, evaluation of space charge effects on the potential 

array requires solving the time-dependent Poisson equation, which is supported since 

SIMION8.1.  However, for simulation of trapped ions in a time scale of hundreds of 

milliseconds, solving the Poisson equation remains computationally demanding.  

Alternatively, SIMION is implemented with a “charge repulsion” method.  When enabled, 

it accounts for Coulomb’s law-like “particle–particle” forces.  This method can be used 

to evaluate the spatial ion distribution in the ion trap.  Note that this repulsion method 

assumes that the electric field from the electrodes is independent of and unaffected by the 

electric field from the space charge.  Therefore, this method may not be valid in the cases 

where the space charge perturbs the electric field of electrodes [41,42], which is not the 

case for the present ion-trap simulation.   

Among the charge repulsion methods, we employed “factor repulsion,” which 

is statistical random sampling known as a Monte Carlo method.  It can deal with time-

dependent space-charge distribution [41,42].  The total charge, Q, of all the ions is 

expressed by multiplying a factor repulsion, f, to the number of groups of ions, N: Q = f N, 

which is given in the unit of the elementary charge, e.  Accuracy of the Monte Carlo 
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method depends on the size of the sample.  We have tried to find a reasonable value of N 

by performing simulation for several N values from 100 to 1,000 every 100.  As we will 

discuss later, the ions in an octopole trap are found to form a ring-type ion cloud, where 

the diameter of the ring is regulated by the equilibrium between the repulsive force arising 

from space charge and the confinement by rf potential.  Therefore, the diameter of the ion 

ring is plotted as a function of N, as shown in Figure 3-2.  The ring diameter exhibited an 

increase as the N value varied from 100 to 500, whereas it leveled off above N = 600.  In 

addition, FWHM (full width at half maximum) of the ion-ring thickness as a function of 

N is shown in Figure 3-3, which remained almost constant above N = 300.  Therefore, we 

decided to perform trajectory simulations by fixing N = 600; for the total charge, Q, of 

5.5×108 e, the factor repulsion, f, is 9.17×105 (5.5×105/600).   

The effect of buffer He gas collisions was taken into account by the hard-sphere 

collision model (HS1) that is useful for non-vacuum trajectory simulation [41,43].  This 

model calculates the collision probability and the momentum transfer expected for the 

experiment, where the temperature and the pressure were 300 K and 0.1 Pa, respectively.  

In the HS1 collision model, the He–ion collisions are considered to be elastic, where the 

velocity of the He atoms was assumed to follow the Maxwell–Boltzmann distribution.  

Here, the ion dynamics is separated into He–ion collisions and charge repulsion.  In the 

collision model, the ion is treated as a hard sphere that is characterized by the collisional 

cross section of Ag2
+ with a He gas [40].  In the “factor repulsion” method, each ion is 

assumed to act as a point charge, which actually represent a cloud of ions.  SIMION 

compensates for the issue arising when the point charge is expanded into an ion cloud 

[41].   
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Figure 3-1. A schematic of an octopole ion trap with pole rf electrodes and ring 
dc electrodes for radial and axial confinement, respectively. 
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Figure 3-2. (a) The ion ring profile of ion distribution in a linear octopole trap. 
(b)The radius of the ring of an ion cloud as a function of the number of grouped 
ions, N, specified in the simulation of an octopole ion trap.  The radius 
increases up to N = 600, above which it levels off.   

 
Figure 3-3. (a) Radial ion-distribution profiles across the center of the trap calculated 
at T = 300 K for various conditions of the number of grouped ions, N.  The net amount 
of ions stored was 5.5×108, i.e., the trap is nearly at the space charge limit.  (b) FWHM 
of the ion-ring thickness as a function of N, as derived from the results of (a).  The 
FWHM values are almost the same for N > 300, rationalizing the validity of N = 600 
employed in the present simulation based on the factor repulsion method.  
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3-3.  Results and discussion 

Octopole ion trap: simulation vs. experiment 

A simulated spatial distribution of Ag2
+ in an octopole ion trap is shown in 

Figure 3-4.  An ion density is derived by normalizing the 900,000 data points of the 

grouped ions to the 5.5×108 ions indeed stored in the trap.  Each bin width of the 2D 

histogram is 125 μm×125 μm.  The ion cloud was thus found to form a ring profile with 

a diameter of 6.3 mm in this particular case; the ring diameter depends on the total amount 

of ions.  

To compare this result of the simulation with experiment, we should pay 

attention to the experimental procedure described in Ref. [29], where the ion density was 

probed by the photofragmentation technique.  In this technique, a collimated laser beam 

with a diameter of 2 mm was irradiated collinearly to the trap axis, inducing fragmentation 

of Ag2
+ to Ag+.  Since the signal of the fragmented Ag+ is proportional to the local density 

of trapped ions, the ion-density profile was obtained by scanning the laser position both 

vertically and horizontally with an interval of 0.5 mm.  Therefore, the result of the present 

simulation (Figure 3-4) should be convolved with a Gaussian function of 2 mm in FWHM 

representing the laser-beam profile.  Figure 3-5(a) shows the result of simulation thus 

obtained after convolution with the Gaussian profile, which should be compared with the 

experimental result shown in Figure 3-5(b) reproduced from [29].  It should be noted that 

the absolute value of the ion density as well as the diameter and the thickness of the ion 

ring are well-reproduced quantitatively; the maximum ion density, the ion-ring diameter, 

and its thickness observed by the experiment are 3.0 × 107/cm3, 7 ± 1 mm and 2.3 ± 0.2 

mm, respectively, while they are 3.4 × 107/cm3, 6.0 mm and 2.3 mm in the present 
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simulation.   

If we take a closer look at the experimental result, a slight variation in the ion 

density is discernible along the ring, which was attributed to imperfect arrangement of 

the pole electrodes [29,30].  On the other hand, the result of simulation shows almost 

perfect cylindrical symmetry, representing an ideal case.  In this context, we should note 

that the grid size of 0.2 mm, providing the spatial resolution of the present simulation, is 

sufficiently small to express the smooth surface of the pole electrodes.  Note also that this 

simulation is consistent with an analytical prediction based on the adiabatic 

approximation [3,31].  The present success in reproducing the ion distribution measured 

experimentally confirms that the combination of the hard-sphere collision model and the 

charge-repulsion method in SIMION is appropriate for predicting an ion distribution in a 

linear rf ion trap even in high ion-density regions, where the space charge is essentially 

important.   

Octopole ion trap: effects of the ion-loading amount, the rf amplitude, 

and the temperature 

Ion distributions as a function of the number of trapped ions, the rf amplitude, 

and the temperature are further examined.  When the number of ions in the octopole trap 

was reduced by one order of magnitude from 5.5 × 108 ions (1.4 × 107 ions/cm) to 5.5 × 

107 ions (1.4 × 106 ions/cm), the diameter of the ion ring decreased from 6.3 (Figure 3-4) 

to 4.4 mm (Figure 3-6(a)).  It would be worth mentioning that the thickness of the ion 

ring became larger at the lower amount of ions.  This broadening of the ion cloud is due 

to the smaller gradient dΦ/dr of the effective potential at the radial position closer to the 

center of the trap: a smaller ion ring is predicted to be thicker.   
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The present simulation was extended even to a wider range of ion-trap 

conditions that can be compared with experiments [29].  Figure 3-7 shows dependence 

on the number of ions stored, i.e., 4.0×107, 1.6×108, and 1.1×109 ions, which are the same 

amount of ions that experiments were performed (Figure 3 of Ref. [29]).  The ion-ring 

diameters and the values of the ion density are reproduced well.  It is also discernible both 

in the experiment and in the present simulation that the dip in the ion-density profile at 

the center of the trap becomes more prominent as the ion-loading amount increases.  

Furthermore, Figure 3-8 presents dependence on the rf amplitude applied to the trap 

electrodes.  The simulation is consistent with the experiment (Figure 4 of Ref. [29]) in 

that higher amplitude makes the ion ring smaller.   

Figure 3-6(b) shows an ion distribution at a buffer He-gas temperature, T = 

10 K, lower than that of Figure 3-6(a), T = 300 K, storing the same 5.5 × 107 ions in the 

trap.  The thickness of the ion ring became thinner at the lower temperature, while the 

diameter remained the same.  This temperature dependence suggests that the thickness of 

the ion ring is caused by thermal collisions of the buffer He gas.  The ion ring at T = 10 K 

is indeed extremely thin, possessing only one pixel of width.  This remarkable change in 

the ion-ring thickness upon cooling from 300 to 10 K is worth noting.   

We should also note that the translational kinetic energy of the trapped ions is 

much higher than the thermal energy of the buffer He gas due to space charges.  The space 

charge raises the translational temperature of the ions considerably, as discussed 

previously by simulation of kinetic ion temperature in a linear multipole trap [44].  The 

kinetic energy distribution under several space charge conditions are shown in Figure 3-

9.  The ion temperatures obtained from the kinetic-energy distributions are much higher 

than the temperature of the buffer He gas, i.e., the translational energy is not in 
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equilibrium with the buffer gas.  Even with such high translational temperatures, the 

internal temperature of the ions, which is not available in the present simulation, is 

regulated by the buffer gas as demonstrated by temperature studies in spectroscopic 

experiments [39,45].  

  



 

37 

  

 
Figure 3-5. (a) A 2D histogram obtained from Figure 3-4 by convolution of a 
Gaussian profile (FWHM: 2 mm), which is to be compared with an experimental result 
shown in panel (b).  The Gaussian profile represents a laser beam irradiated in the 
photofragmentation experiment.  (b) A 2D distribution of Ag2+ ions that was measured 
by photofragmentation experiment to probe the local density of ions reported in Ref. 
[29].  The total number of ions in the trap was about 5.5 × 108 ions.  Panel (b) is 
reproduced with permission from Ref. [29].  Copyright 2012 American Physical 
Society. 

 
Figure 3-4. A 2D histogram of positions of ions simulated for an octopole trap.  The 
coordinates of 600 grouped ions (N = 600) were accumulated for simulation time 
every 100 µs from 50 to 200 ms, creating 900,000 positions of ions as displayed.  
The charge repulsion parameter was equivalent to 5.5 × 108 singly-charged ions.  
The pressure and temperature of the buffer He gas were set to 0.1 Pa and 300 K, 
respectively.  The lower panel shows the ion-density profile across the center of the 
trap.   
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Figure 3-6. 2D histograms of ion distributions in the octopole trap, where the number 
of trapped ions was reduced to 5.5×107, i.e., one-tenth of Figure 3-4.  (a) Simulation 
for the buffer He temperature at 300 K, which shows an effect of the number of ions 
in the trap by comparing with Figure 3-4.  (b) Simulation for the buffer He temperature 
lowered down to 10 K.  The lower panels show ion-density profiles across the center 
of the trap.   

 
Figure 3-7. Radial ion-distribution profiles across the center of the trap calculated at 
T = 300 K for different amounts, N0, of ions stored: (a), (b) and (c) are for N0 = 
4.0×107, 1.6×108, and 1.6×109 ions, respectively.  The dashed curves show ion-
density profiles as calculated, which are reduced in ordinate by a factor of 1/2 or 1/3.  
The solid curves, which should be compared with the previous experiment [29], 
represent ion-density profiles after convolution with a Gaussian function of 2-mm 
FWHM for taking into account the spot size of the probe laser beam employed in the 
experiment. 
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Figure 3-8.  Radial ion-distribution profiles calculated at T = 300 K for different rf 
amplitudes: 200 and 300 V.  The profiles are after convolution with a Gaussian-type 
laser beam spot with 2-mm FWHM.  The amount of ions in the trap is1.1×109, 
representing nearly at the space charge limit. 

 
Figure 3-9.  Kinetic energy distributions under several conditions.   
(a) Buffer-gas temperature: 300 K, ion loading: 5.5 × 108 ions (almost space charge 
limit).  The mean kinetic-energy is 0.7 eV, corresponding to translational temperature 
about 8,000 K.   
(b) Buffer-gas temperature: 300 K, ion loading: 5.5 × 107 ions.  The mean kinetic-
energy is 0.12 eV, corresponding to translational temperature about 1,400 K.   
(c) Buffer-gas temperature: 80 K, ion loading: 5.5 × 107 ions.  The mean kinetic-
energy is 0.08 eV, corresponding to translational temperature about 900 K. 
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Quadrupole ion trap: an effect of the electrode structure 

We extended the present simulation further to a linear quadrupole ion trap.  The 

trap was assumed to contain 1.3×108 ions of Ag2
+ at 300 K by referring to a previous 

experiment [29].  Figure 3-10(a) shows a result of simulation for an ordinary linear 

quadrupole ion trap with four pole electrodes.  The stored ions were found to be 

concentrated around the center of the trap as reported by several experimental studies 

[10,11].  The radial dependence of the effective potential,  Φ, of a quadrupole ion trap is 

Φ  ~ r2, which is steeper than higher-order multipole traps: Φ  ~ r2n–2 for a 2n-pole trap 

[3].  A quadrupole ion trap is the only one that can locate ions around the center of the 

trap even in the presence of space charge.  This ion distribution concentrated at the central 

axis of the trap is advantageous in laser spectroscopy because a laser beam easily overlaps 

with the ion cloud to create a large interaction volume.  Instead, the total amount of ions 

that can be stored in a quadrupole trap may be less than multipole traps due to the smaller 

volume of the ion cloud. 

A lower-order multipole can generally be arranged by modifying higher-order 

ones [29,46].  For example, a quadrupole-like equipotential surface is created by the eight 

electrodes of an octopole by wiring neighboring two poles together to form four pairs of 

electrodes.  Such a quasi-quadrupole trap has been shown to work as well for locating 

ions at the center of the trap [29] although the structure of the pole electrodes is very 

different from that of an ordinary quadrupole.  Ideally, the pole electrodes should have a 

hyperbolic surface.  But, for practical reasons, they are often substituted with cylindrical 

ones that approximate well the hyperbolic case [27], as we adopted as well in Figure 3-

10(a).  However, the electrodes of the quasi-quadrupole is different from the cylindrical 

one so much that we would expect a change in the ion distribution.   
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In this context, we performed simulation also on the quasi-quadrupole ion trap 

under the same conditions of the total amount of ions and the temperature.  Figure 3-10(b) 

shows the result.  The ion density exhibits a clear dip at the center, which does not appear 

in an ordinary quadrupole (Figure 3-10(a))  Distortions of the quadrupole field are usually 

discussed in terms of the multipole expansion of the effective potential.  For an ideal 

quadrupole trap consisting of hyperbolic-shaped pole electrodes, the potential is 

expressed only by the quadrupole term.  As for a quadrupole trap consisting of cylindrical 

poles, the higher-order terms are minimized by setting the ratio, rpole/r0 to be 1.145 as 

employed for the simulation of Figure 3-10(a), where rpole and r0 are the radius of the pole 

electrode and the inscribed radius of the trap, respectively; the potential thus approximates 

an ideal one [47].  In contrast to these ideal or near-ideal cases, the present quasi-

quadrupole trap is expected to have significant contributions of higher-order terms.  The 

dip of the ion density at the center of the trap observed in Figure 3-10(b) must be due to 

these higher-order multipole fields.  The present simulation thus revealed an effect of the 

electrode structure on the ion distribution in the trap.   

The result of simulation in Figure 3-10(b) is to be compared with an 

experimental result reported in Ref. [29].  The simulation reproduced the experiment 

reasonably well in that the ions are concentrated at the center of the trap within about 2 

mm in diameter, except that the dip was not discernible in the experiment.  The reason 

for the absence of the dip is the finite size (about 2 mm in diameter) of the probe laser, 

which smears out the dip.  As was performed to obtain Figure 3-5(a) from Figure 3-4, 

Figure 3-10(b) reproduced the experimental result satisfactorily after convolution with a 

Gaussian profile representing a laser beam.   
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Figure 3-10.  Simulation of ion distributions in linear quadrupole traps with different 
electrode structures.  1.3×108 ions of Ag2+ are trapped at T = 300 K.  (a) An ordinary 
linear quadrupole trap, where rpole/r0 was set to 1.145.  (b) A quasi-quadrupole trap, 
where the neighboring poles were wired pairwise to form four pairs of electrodes. 
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3-4.  Summary 

We performed ion-trajectory simulations for linear octopole and quadrupole rf 

ion traps to characterize the ion cloud formed in the trap by employing SIMION.  

Considering the effects of space charge and buffer-gas thermalization, we were able to 

reproduce ion-distribution profiles quantitatively that have been reported by experiment.  

The simulation was extended to investigation of ion-density profiles in several different 

conditions by varying the total amount of ions stored in the trap, the buffer-gas 

temperature and the structure of the pole electrodes.  In an octopole trap, the ion cloud 

showed a ring profile, of which diameter was larger for a larger amount of ions due to 

more significant space charge.  When the buffer-gas was cooled from 300 K to 10 K, the 

thickness of the ion ring was found to become significantly thinner.  In a quadrupole trap, 

on the other hand, ions were distributed almost uniformly at the center of the trap.  Note 

that, when an octopole is converted to a quasi-quadrupole, higher-order multipole fields 

might modify the uniform distribution, causing an ion-density dip at the center of the trap.  

As demonstrated by the present simulation study, SIMION would provide a reliable tool 

for quantitative analysis of multipole rf ion traps. 
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Chapter 4.  Evaporative cooling and homogeneous 

freezing of water droplets 

4-1.  Introduction 

Observation of evaporation and freezing processes of water droplets in a 

vacuum is expected to reveal novel phenomena that are hidden in the atmosphere.  Free 

evaporation induces rapid evaporative cooling as the evaporating water molecules carry 

heat away from the droplet without condensation back to the liquid phase.  Such fast 

evaporative cooling offers a possibility to investigate supercooled water.  The temperature 

of such water droplets in a vacuum was reported to be 250 K for droplet size of ~10 μm 

[1] and 230 K for those of 12 μm [2] via Raman thermometry.  One conventional way of 

temperature estimation is based on the Knudsen kinetic model [1, 3-5].  Water can exist 

in the liquid state at temperatures far below its normal melting point.  The freezing process 

of water is either heterogeneous or homogeneous.  As the small sample size (about 50 pL) 

of a micro-meter droplet suppresses heterogeneous nucleation sites, micrometer-sized 

water droplets in a vacuum can be useful to investigate supercooled water and 

homogeneous ice nucleation.  Formation of homogeneous frozen nuclei is not limited to 

laboratory measurements but also prevails for supercooled water observed in cirrus 

clouds at altitude above 1.6 km, where the lack of ice nuclei is expected [6, 7].  

Supercooled water at –38 to –35°C in clouds observed by in situ measurements is 

consistent with the lowest temperature of 10 to 100-μm water droplets supercooled in 

laboratory experiments [8].   
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The freezing process of supercooled water droplets starts from a dendritic 

growth phase both for homogeneous [9] and for heterogeneous ice nucleation [10, 11].  

After nucleation, ice grows until the latent heat released by crystallization raises the 

droplet temperature to the melting point.  During the early stage of freezing, water 

droplets moving at a constant velocity were observed to be deflected spontaneously in a 

vacuum [5].  This motion is discussed to be caused by the release of the latent heat, which 

induces localized evaporation [9].  The structure of supercooled water near the 

temperature of homogeneous ice nucleation differs from that of water at room 

temperature, suggesting a tetrahedral ordering as observed by femtosecond X-ray laser 

[4].  Heterogeneous freezing of supercooled water droplets at an atmospheric pressure 

was studied by laboratory measurements, where fragmentations of different droplet sizes 

were reported [11, 12]. 

Due to the inaccessibility to the supercooled regime, the homogeneous ice 

nucleation rate still remains as curious topics of ongoing experimental research.  The ice 

nucleation rate is expected to increase as the temperature decreases.  Most of the 

experiments of homogeneous ice nucleation use micro-meter droplets to reach between 

~235 and ~240 K [13-19].  On the other hand, experiments with nano-meter droplets offer 

even higher nucleation rates to reach the range between ~195 and 225 K [18-21].  In the 

intermediate temperatures, micrometer droplets in a vacuum serve as one approach; e.g., 

Laksmono et al. reported the volume-based homogeneous ice nucleation rate (Jv) from 

~227 to 232 K.  Also, Hagen et al.[22] reported Jv in the same temperature range, although 

the values exhibit discrepancies beyond the measurement errors.  

In this study, 40-µm water droplets were introduced into vacuum to observe 

evaporation and homogeneous freezing processes.  We measured the droplet size as a 
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function of time after injection into vacuum via observing whispering gallery modes 

(WGMs) of cavity enhanced Raman scattering on a single-laser-shot basis.  The 

evaporative cooling rate calculated from the time evolution of the droplet diameter can 

be compared with that obtain computationally by the Knudsen theory.  Also, a CW laser 

was used to probe the individual droplet at various distances from the nozzle exit, hence 

varying the droplet temperature.  An image of scattered light at an right angle allowed us 

to observe formation of ice.  Freezing time of each droplet gives us a homogeneous ice 

nucleation rate between 232–235 K that fills the temperature gap between the data of 

Hagen et al. [22], Laksmono et al. [23], and micro-droplets measured at various ambient 

pressures.   

4-2.  Setup for micro-droplet generation in a vacuum 

The procedure for generating micro-meter sized droplets in a vacuum is 

described below.  We used distilled water (Wako Pure Chemical Industries, Ltd) as a 

sample of water.  The droplet generation setup is shown in Figure 4-1, which improved 

the previous one described elsewhere [5, 24].  We have applied a trigger voltage to a piezo 

driven dispenser head (MD-K-130, microdrop Technologies GmbH) with a controller 

card (uDropC-170) for injecting a droplet.  For orifices of less than 30 µm, clogging is 

the most serious issue that could disturb the droplet generation.  A polyvinylidene 

difluoride (PVDF) membrane filter (5 µm pore size) was applied for purification and 

particle removal from the sample water to avoid clogging the nozzle.  We believe that, 

after the filtration, water is free from particles that might act as heterogeneous nuclei.  If 

some of the droplets had contained some particulates, these droplets would have shown 

separate nucleation statistics within the ensemble of the other clean droplets.  The 
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dispenser head uses the principle of the ink jet printing technology.  The core of the 

dispenser head consists of a glass capillary with an inner diameter of 30 μm and a tubular 

piezo actuator surrounding the capillary.  The droplet size was adjustable in the range of 

35–50 μm in diameter (corresponding to 22 to 65 pL) by adjusting the duration and 

amplitude of the pulsed voltage applied to the piezo actuator.  The dispenser head was 

sealed by an O-ring upon installation in the vacuum chamber.   

There are experimental difficulties in introducing a volatile liquid into a 

vacuum.  The procedure is somewhat complicated because the dispenser head is not 

intended for use in a vacuum.  The dispenser head, liquid reservoir, and connecting tube 

are cooled to 273–277 K by ice.  This operation lowers the saturated vapor pressure of 

water by an order of magnitude down to 6 × 102 Pa and raises the viscosity by a factor of 

two compared with that at room temperature.  As a result, it stabilizes generation of water 

droplets in a vacuum, as described below.  The sample water is deaerated by evacuating 

the reservoir below 102 Pa prior to droplet generation because bubbles of dissolved gases 

inside the glass capillary in the dispenser head hinder stable and reproducible droplet 

generation.  For ejecting water droplets, the glass capillary must be filled to its tip with 

water.  After evacuating the vacuum chamber and the sample reservoir to 15 kPa, the 

needle valve (SS-1RS4, Swagelok Co.) was closed to stop evacuation of the sample 

reservoir and to keep evacuating only the vacuum chamber (13 kPa) so that the deaerated 

water was transferred to the nozzle through a perfluoroalkoxy (PFA) tube.  This operation 

must be performed at a pressure higher than the saturated vapor pressure of water (3 kPa 

at room temperature) to prevent the water from freezing.  The needle valve for evacuation 

of the liquid reservoir was opened immediately after the water spills out from the nozzle.  
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The water that overflowed at the tip of the nozzle was pulled back by siphoning, i.e., by 

adjusting the height of the sample reservoir lower than the nozzle. 

After confirming no more water at the tip of the nozzle, we started droplet 

generation by adjusting the timing, amplitude, and duration of the pulsed voltage applied 

to the piezo actuator.  The pressure of the chamber was lowered slowly to the pump’s 

ultimate pressure of 1 Pa over 1 hour by slightly opening the diaphragm valve 

(speedivalve, Edwards Ltd.) just above the pump (NeoDry15E, Kashiyama Industries, 

Ltd.) while the droplet nozzle was operated continuously.  Also, the liquid reservoir 

pressure was slowly reduced close to the saturated vapor pressure of water by adjusting 

the pressure modulation needle valve and holding it slightly open.  One hour of 

depressurization was so slow that formation of water droplets was not interrupted because 

the conductance difference between the chamber and the reservoir was negligible.  As a 

result, micrometer-sized water droplets can be produced on demand at 1 Pa for up to 2 

hours, allowing us to perform water-droplet spectroscopy on a one-shot basis. 

There are some other methods for injecting droplets into a vacuum.  Water 

droplets in a vacuum are often produced from a laminar jet [25].  In the laminar flow, a 

liquid is ejected as a continuous cylindrical filament before it eventually breaks up 

spontaneously at a certain critical distance downstream of the aperture into a directional 

stream of spherical droplets.  The jet instability responsible for droplet formation was first 

described by Rayleigh [26], which is now named after him.  The Rayleigh instability can 

be triggered by an excitation applied externally at a frequency close to the intrinsic 

Rayleigh frequency [27, 28].  An approach to create water droplets of 10  µm or less, 

while avoiding clogging, has been demonstrated for water jets by Deponte et al. [29], 

which is known as a so-called gas dynamic virtual nozzle (GDVN).  Compared with these 
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methods, the present method using a piezo-driven dispenser head can reduce the rate of 

droplet generation down to 5 Hz, which allows us to interrogate a single droplet. 

 

 

  

 

Figure 4-1.  (a) Rendered view of droplet generation system for droplet generation 
in a vacuum.  (b) Schematic view of the setup. 
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4-3.  Size measurement from whispering gallery modes 

Theory of whispering gallery mode resonance 

In this principle, the diameter of a sphere is measured based on an analysis of 

the wavelengths of whispering gallery modes (WGMs).  The term comes from L. 

Rayleigh’s discovery that a speaker, close to the base of the dome, simply whispering to 

the wall could be heard clearly by listers far away on the opposite side.  The relationship 

between the WGM wavelengths and the diameter of the sphere can be obtained by solving 

the following dispersion equation [30, 31].  The droplet is assumed to be a perfect sphere. 

 1
𝑗𝑗𝑙𝑙(𝜌𝜌1)

∂[𝜌𝜌1𝑗𝑗𝑙𝑙(𝜌𝜌1)]
∂𝜌𝜌1

=
a

ℎ𝑙𝑙
(1)(𝜌𝜌2)

∂�𝜌𝜌2ℎ𝑙𝑙
(1)(𝜌𝜌2)�
∂𝜌𝜌2

 (1) 

 

Here, 𝑗𝑗𝑙𝑙(𝜌𝜌1) is the spherical Bessel function, ℎ𝑙𝑙
(1)(𝜌𝜌2) is the spherical Hankel 

function, subscript 𝑙𝑙  is the angular mode number, and 𝜌𝜌1,2 = π𝑑𝑑𝑛𝑛1,2/λ0  is the size 

parameter, where n is the refractive index (the subscripts 1 and 2 denote a sphere 

surrounded by vacuum and air, respectively), λ0 is the wavelength of light in a vacuum, 

and d is the diameter of the sphere.  a is the polarization dependent factor that is 𝜇𝜇2/𝜇𝜇1 

for TE modes and 𝜇𝜇2𝑛𝑛12/𝜇𝜇1𝑛𝑛22 for TM modes.   
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Simulation of Whispering Gallery Mode 

In 1908, Gustav Mie developed a rigorous method to calculate the intensity of 

light scattered by uniform spheres.  Although Mie’s solution was precise, it involved a 

considerable number of calculations for large spheres and was rarely used until the 1980s 

when supercomputers became available for scientific research.  The rapid advances in the 

computer power over the last few years allow Mie scattering calculations even on 

standard personal computers.  The software MiePlot [32] offers mathematical models for 

scattering of light by a homogeneous sphere.   

In this study, the author simulated scattering intensity from a spherical particle 

upon illumination of a narrow beam of light.  Figure 4-2 shows the result of simulation 

of Mie scattering from a 40-μm water droplet.  The profile of illumination is assumed to 

be a Gaussian beam.  MiePlot’s calculations for Gaussian beams are based on the Mie 

theory algorithms [33, 34].  The polarization of incident light was assumed to be parallel 

to the surface of a droplet.  The  water droplet was assumed to be surrounded by a vacuum.  

The illumination beam with a 20-µm half width was positioned at the edge of the water 

droplet.  The refractive index of water is cited from IAPWS [35].  As shown in Figure 4-

2, scattering intensity is observed only for the TE mode, which originates from the 

direction of the incident light and the surface of the water droplet.  The resonances at 

640.7 and 642.1 nm are known as whispering-gallery modes (WGMs) or morphology-

dependent resonances (MDRs).  These resonances seem to be almost independent of the 

scattering angle.   
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Figure 4-2.  Intensity of scattered light as a function of the scattering angle 
and the wavelength of incident light.  (a) The polarization is parallel to the 
surface of a droplet. (b) The polarization is perpendicular to the surface of a 
droplet. 
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To estimate the diameter from the dispersion equation (1), firstly, WGM 

wavelengths are measured.  Secondly, it is necessary to determine the angular mode 

numbers l and the polarization for the measured WGM wavelengths to identify the radial 

mode number.  By solving equation (1) numerically, the relationship between resonance 

wavelengths and the sphere diameter can be obtained.  Figure 4-3 shows the resonance 

wavelengths of 40-μm water droplets.  The refractive index is cited from Duft et al. [36].  

The temperature is set to room temperature (300 K).  Wavelength dispersion of the 

refractive index is taken into account [37].  The wavelength-dependent refractive index 

will be discussed in detail in the next chapter.  Several combinations of resonance 

wavelengths and angular mode numbers are obtained.  The resonance wavelengths 

connected by a dotted line show a series of angular modes belonging to the same radial 

mode.  In particular, the series of the maximum angular mode numbers corresponds to a 

radial mode (n = 1) with electric-field strength localized at the outermost edge of the 

sphere.   

The concept of fitting is designed so that parameters describing the sphere are 

explored until the difference between the observed and calculated modes is minimized.  

It is more convenient to determine a free spectral range (FSR) between each WGM 

wavelength experimentally; determination of FSR is more accurate and less  likely suffer 

from adjustment problems than an absolute WGM wavelength.  Therefore, the droplet 

size was determined from FSR up to 0.1 µm, while absolute WGM wavelengths were 

used for droplets less than 10 nm in diameter.  FSR is plotted for the radial mode of n = 1 

as a function of the droplet diameter in Figure 4-4.  The FSRs are obtained in the range 

of 620 – 670 nm, where the OH Raman band of water appears.  The FSR increases as the 

droplet size reduces. 
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Figure 4-3.  Angular mode number as a function of the wavelength of 40 µm 
droplet.  (TE) The polarization is parallel to the surface of a droplet. (TM) The 
polarization is perpendicular to the surface of a droplet. 

 
Figure 4-4.  Droplet diameter as a function of the free spectral range of WGM 
resonances: the radial mode is n = 1 with the TM polarization.  The temperature 
dependence and dispersion of the refractive index are taken into account. 
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Refractive index of supercooled water 

The refractive index of water is the only physical constant taken into account 

in the estimation of the droplet size from the dispersion equation (1).  The refractive index 

of water is 1.33284 at room temperature (283 K) at the wavelength of 632.8 nm; the 

refractive index above 0°C has been determined with an accuracy better than 1×10–5.  

Such high-precision measurements were carried out by employing various 

interferometers.  However, there are only a few reports about the refractive index of 

supercooled water [38-41].  The lower limit of the temperature is –15°C for refractive 

index measurement using interferometers [42].  The reasons for the difficulty is 

speculated as follows.  1. Thermal expansion/shrinking of the water container also causes 

a change in the optical path length, which cannot be discriminated from the temperature-

dependent change in the refractive index.  2. To reach the supercooled temperature, small-

volume water cells are needed.  However, such a small water cell lowers the resolution of 

measurement [42]. 

Determination of the refractive index of supercooled water (< –15°C) can be 

achieved by water droplets.  T. Leisner and co-workers presented a novel method for 

determination of the refractive index of a single droplet by light scattering in the region 

of the first and second order rainbow [36].  By cooling 90-μm water droplets, the 

refractive index of water was extended to a previously inaccessible region down to 237 K.  

The lowest temperature of this measurement is limited by the homogeneous ice nucleation 

rate.  It has been reported that the smaller the droplet size, the lower the freezing 

temperature [5].  The refractive index of water has been reported in the range between 

237 and 365 K [36, 38, 42, 43].  We performed fitting the refractive-index data using a 

forth order polynomial:  
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 𝑛𝑛(𝑇𝑇) = 𝑎𝑎0 + 𝑎𝑎1𝑇𝑇 + 𝑎𝑎2𝑇𝑇2 + 𝑎𝑎3𝑇𝑇3 + 𝑎𝑎4𝑇𝑇4 , (2) 

where 𝑎𝑎0 =  −1.5064 , 𝑎𝑎1 =  0.035718 , 𝑎𝑎2 =  −0.00016791 , 𝑎𝑎3 =  3.5054 × 10−7 , 

and 𝑎𝑎4 =  −2.7536 × 10−10.   

Dispersion (wavelength dependence of the refractive index) of supercooled 

water has not been measured, to the best of our knowledge, because it requires a 

measurement precision as high as 10–6.  In the Raman spectroscopy of water, the peak 

width (FWHM: full width at half maximum) of the OH-stretching band is only 17 nm 

when the excitation wavelength is 532 nm.  Therefore, the order of dispersion that needs 

to be taken into account of the Raman peak is as small as 10–5.  Although the influence 

on the precision in the droplet size evaluation is expected to be small, the present study 

compares the droplet sizes obtained with and without refractive-index dispersion for high 

accuracy.  Figure 4-4 shows the relationship between the droplet diameter and the free 

spectral range of WGM.  Without accounting for dispersion, there was a maximum 

deviation of ~ 0.50 μm in droplet size with respect to the size estimated with dispersion 

taken into consideration (Figure 4-5).  The dispersion of water was cited from the four-

term Sellmeier dispersion formula measured at 297.0 K using a goniometer spectrometer 

[37].  We couldn’t find reports on such dispersion in supercooled water as far as we know.  

In this study, we performed linear interpolation of Masumura’s wavelength dispersion 

[37] using temperature dependent refractive index at the wavelength, 632.8 nm, of a He–

Ne laser [36]. 
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Figure 4-5.  Droplet diameter as a function of the free spectral range of WGM 
resonances: the radial mode n = 1 and TM polarization are assumed.  Free 
spectral ranges are calculated from the WGM resonances between 640–
670 nm.  (green line) the wavelength dispersion was taken into account at 
297.0 K.  (blue line) the refractive index was fixed at 1.331536 @640 nm, 24°C. 



 

65 

Measurement of WGM resonances in the OH Raman band 

The apparatus employed in this study is shown in Figure 4-6.  A droplet 

generator (MD-K-130, micro-drop Technologies GmbH) was vertically mounted on the 

vacuum chamber.  The detail of the droplet generator was mentioned in Sec. 4-2.  A gap 

between the nozzle and the chamber was sealed with an O-ring rubber.  The pressure 

inside the chamber was about 2 Pa by evacuating with a dry pump (NeoDry15E, 

Kashiyama Industries, Ltd.) at a pumping speed of 250 L/min.   

The setup for Raman spectroscopy, including optical devices for excitation and 

signal acquisition, is also depicted in Figure 4-6.  For excitation, a linearly polarized 

pulsed laser beam at a wavelength of 532.05 nm emitted from second harmonics of a Q-

switched Nd:YAG laser (VM-2134UTF ,VM-TIM GmbH) was directed to the droplet 

edge.  The wavelength was measured with a wavemeter (WF6, HighFinesse).  The laser 

power was set to <0.3 mJ/pulse.  The spot size at the droplet was adjusted to 30 μm in 

diameter.  A window with anti-reflection coating (Sigmakoki, WBMA-50C05-10-550) 

was installed to the path of the excitation laser light.  For signal acquisition, Raman 

scattering was collected by a telecentric objective lens (ML×10, Mitsutoyo Corp., NA: 

0.21, working distance: 51 mm) that maintains consistent droplet size regardless of focal 

conditions either in or out of focus.  This objective lens combines a long working distance 

to access the droplet in the chamber and a high NA to collect scattered light.  A homemade 

microscope system was created to combine the objective lens with a camera and a 

spectrometer (customized YSM-8102-06 series).  The pixel size of this camera is 5.86 μm, 

which gives a depth of field of 40 μm.  As for the spectrometer, a fiber optic spectrometer 

is employed, which will be described in detail in the following paragraphs.  Since the slit 

of the spectrometer has a height of 1,000 μm, an optical fiber with a core diameter of 
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1,000 μm (P1000-2-UV-VIS, Ocean Insight, Inc.) was employed to maximize the range 

of light taken in.  Rayleigh scattering light was introduced to a C-mount CMOS camera 

(IMX-249, Sony Corp.) by a long-pass dichroic mirror (DMLP550R, Thorlabs Inc.)  The 

spatial resolution of the image was 0.6 μm/pixel.  The leakage of Rayleigh scattering light 

was filtered by a long pass filter (RSF-25C-532RU, Sigmakoki Corp., OD6@532 nm).   

The homemade Raman spectrometer mentioned above has undergone multiple 

optimizations: (1) adjustment of the laser pulse energy, (2) NA of the objective lens, and 

(3) S/N and spectral resolution of the spectrometer for acquiring Raman scattering light 

resonating with water droplets.  (1) As the pulse energy of the 532.05 nm excitation laser 

light increases from 60 to 700 μJ/pulse, the scattering intensity increases proportionally.  

However, water droplets no longer retain their shape due to laser ablation above 

360 μJ/pulse (Figure 4-7).  Therefore, the power of excitation laser light was adjusted to 

be below 180 μJ.  (2) The numerical aperture must be high (> 0.15) to perform Raman 

spectroscopy of ~50 μm water droplets by a single-shot basis.  The angular aperture of 

the lens is approximately twice the NA within the paraxial approximation.  At the trial 

stage of instrumentation, an objective lens (ML ×3, Mitsutoyo Corp., NA: 0.09, working 

distance 77 mm) was installed to collect scattered light.  However, the angular aperture is 

5.5 times smaller than that of ML ×10, which is below the detection limit of the 

spectrometer.  (3) The resolution and sensitivity of spectrometers are competing with each 

other.  The best combination of resolution and sensitivity was tested by three 

spectrometers: USB-2000+ (Ocean Insight, Inc., grating: 200–850 nm, slit: 50 μm), 

FLAME-S (Ocean Insight, Inc., grating: 200–850 nm, slit: 10 μm), and customized YSM-

8102-06 (YIXIST Co., Ltd., grating: 300–830 nm, slit: 5 μm).  The former two 

spectrometers were shown to have a resolution insufficient to distinguish the WGM 
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resonance peak of a 40-μm water droplet.  Therefore, we customized the spectrometer 

(YSM-8102-06) to obtain higher resolution and sensitivity by increasing the groove 

density of the grating from 600 to 500 grooves/mm and by reducing the slit width to 5 μm 

at the same time; the measurement wavelength range was thus reduced to 300–830 nm. 

Figure 4-8 shows the WGM resonances observed in the OH stretching Raman 

band by using the three spectrometers with different resolution.  The Raman scattering in 

a cavity is also called cavity enhanced Raman scattering (CERS).  Figure 4-8(a) shows 

the CERS spectrum with a bandwidth narrower than the typical one reported by J. P. Reid, 

who also reported the relationship between the CERS and the laser pulse energy [44].  

The bandwidth progressively narrows as the pulse energy increases.  It should be noted 

that the gain of the cavity increases with laser fluence until it is saturated above 

0.4 GW/cm2 [44].  The saturation should be avoided because it causes distortions in the 

profiles of the CERS peaks.  In this experiment, the laser fluence was adjusted to a value 

of 0.2 MW/cm2.  Figure 4-8(b) shows one example of WGM resonances measured by the 

FLAME-S spectrometer with a moderate resolution.  Essentially, the CERS line profiles 

are symmetrical.  In some cases, however, the line profiles appeared asymmetric 

depending on the droplet size and the illumination geometry.  It was found that 

spectrometers with a higher resolution can discriminate lower intensity peaks of different 

mode origins as demonstrated in Figure 4-8(c), where the customized YSM-8102-06 

spectrometer shows a resolution and a S/N ratio sufficiently high to measure WGM 

resonances of a 40-μm droplet. 
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Figure 4-6.  A schematic of the experimental configuration for the Raman 
Whispering Gallery Mode measurement. 
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Figure 4-7.  Bright field images of droplets upon excitation by an 0.7 mJ pulse 
at 532 nm from the left-hand side as shown by arrows.  The bright area are 
Raman scattering light, whereas the dark area are fragments of water droplets 
destructed by laser ablation.  The expansion of water was observed in all 
directions depending on the experimental conditions; for example, backward 
(a), in all angles (b), and in directions perpendicular to the laser beam (c). 

 

 

Figure 4-8.  Examples of WGM resonances measured by three 
spectrometers.  (a) USB-2000+ (the lowest resolution): Multiple WGM 
resonance peaks are observed as an unresolved single peak due to low 
resolution.  (b) FLAME-S (moderate resolution): A green solid line is a fitting 
curve with five Gaussian profiles.  (c) customized YSM-8102-06 (the highest 
resolution): All the spectral lines are separately observed resolving each WGM 
resonance. 
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Polarization dependence of Raman whispering gallery modes 

When a water droplet of ~40 μm in diameter was illuminated with a 532-nm 

laser beam near its edge, bright spots were observed as can be seen in Figure 4-9.  The 

intensity profile of Figure 4-9(a) is observed in most of the case, which indicates light 

propagating along the equator of the sphere (x–y plane).  Schematic views of excitation 

(green line) and scattering light (red line) of WGMs are shown in Figure 4-10, following 

the ray optics. 

The analysis of polarization properties of Raman WGMs is shown in Figure 4-

11.  In the experiment, polarization of the excitation laser light at 532.0 nm was adjusted 

by a double Fresnel rhomb retarder, where two orthogonal polarizations were examined.  

The Raman WGMs were filtered by a polarizer.  Figures 4-11(a) and (c) were assigned to 

Transverse Electric (TE) and Transverse Magnetic (TM) modes, respectively, both for 

excitation and for detection of Raman WGMs.  Much less intensity (< 1/3) was detected 

for the scattering light in the polarization orthogonal to that of excitation (Figures 4-11 

(b) and (d) as well as Figure 4-9(c)), which shows that the Raman WGMs retain the 

polarization of the incident laser.  The band contours of Figures 4-11(a) and (c) suggest 

that the intensity of each Raman WGM depends on TE/TM modes.  The details of the 

polarization dependence of Raman WGMs are discussed by L. Mitchem et al. [45]. 
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Figure 4-9.  Images of Raman whispering gallery modes created in water 
droplets.  An experimental setup is shown in Figure 4-6.  A long-pass filter 
(OD6@532 nm) is inserted between the camera and the dichroic mirror.  (a 
and b) Images frequently observed, which were detected by the scheme of 
Figure 4-10.  (c) An image observed occasionally with an intensity lower than 
(a and b). 

 
Figure 4-10.  Schematic views of WGMs propagating in the equator of the 
sphere.  Green and blue lines show the incident light.  The red line indicates 
the WGMs detectable by the spectrometer in the x-axis direction.  Depending 
on the position of the detector, WGMs are selectively acquired (red line). 
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Figure 4-11.  Spectra of Raman WGMs observed for a water droplet in different 
combinations of polarizations for excitation and detection.  The horizontal polarization 
corresponds to the TM mode.   
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Measurement of time-dependent droplet size of water in a vacuum 

The droplet diameter was determined by the following procedure as a function 

of time.  Generation of droplets, excitation by laser pulses, and acquisition of the Raman 

spectrum were synchronized to TTL pulses by a digital delay generator (DG645, Stanford 

Research Systems) with a repetition rate of 5 Hz.  Whispering gallery mode spectra were 

obtained shot-to-shot as a function of time elapsed after droplet generation (100–4000 μs).  

Generation of water droplets in a vacuum lasts approximately for one hour in the present 

method; it is terminated primarily due to occurrence of bubbles within the nozzle.  

Bubbles emerge as a result of the reservoir pressure nearly equivalent to the saturated 

vapor pressure of water.  The OH-band Raman spectra measured in this study exhibit 

structured peaks derived from whispering gallery mode, whereas spontaneous Raman 

band is not discernible within the experimental signal-to-noise [45, 46].  The WGM 

wavelengths and FSR were obtained through Gaussian fitting of the spectra. 

The droplet size is calculated from WGM resonances based on equation (1).  

The observed WGM resonances belong almost to a single radial mode.  The radial-mode 

number is reported to increase from 1 to 2 with droplet size from 10 to 50 µm [30, 48].  

In this study, radial modes of l = 1 and 2 were calculated to reproduce the resonance lines 

observed experimentally, where a hypothesis of l = 2 was adopted by referring to previous 

reports [30, 47].  As for the polarization of WGMs, the TE mode was selectively measured.  

The temperature dependence of the refractive index was taken into account based on the 

cooling rate estimated by the Knudsen equation [5, 48], which employs a given initial 

diameter and an initial temperature measured at the nozzle tip.  The temperature 

measurements by Raman OH stretching bands and by the Knudsen model agree well with 

each other as has been reported previously [1, 2].  For taking into account the thermal 
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conduction inside the droplet, droplets are virtually dividing into 100 shells.  The 

temperature of the droplet surface was employed because, in the ray optics approximation, 

the WGMs are represented by successive internal total reflection near the surface of the 

microcavity.  The initial diameter was determined by iterative self-convergence.   

The droplet size as a function of time is shown in Figure 4-12.  Just after its 

generation from the dispenser head, the quadrupolar vibration was observed as oscillation 

of the droplet diameter before 900 µs.  The quadrupolar vibration of droplets was also 

observed in detail by measuring the aspect ratio through a high-speed camera (see Section 

5-1).  The linear fitting of the droplet size beyond 900 µs resulted in an evaporation rate 

of 0.22 µm/ms with a standard deviation of 0.07 µm/ms.  From the damping time constant 

and the oscillation frequency, the droplet size in the equatorial plane was calculated from 

Eqs. (4-4-3 and 4) as shown in Figure 4-13.  After 700 µs, the amplitude of the oscillation 

is on the order of 0.01 µm or less, which can be ignored.  Prolate droplets with a major 

axis ~2 µm longer than the minor axis, where substantial deformation of water droplets 

was expected, were not captured in the WGM measurements.  The shrinkage of the 

droplet can be simulated by the Knudsen equation as described elsewhere [5].   
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Figure 4-12.  Droplet size as a function of time.  The diameter determined from the 
whispering gallery modes in the Raman OH band.  The error bars represent standard 
errors.  The solid curve shows prediction by the Knudsen evaporation model with an 
evaporation coefficient of unity.  The initial conditions of the diameter and the 
temperature were 40.6 µm and 280.45 K, respectively. 
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Figure 4-13.  Simulation of droplet size as a function of time in the equatorial plane.  
The damping time constant and the oscillation frequency are 85.6 µs and 252.6 kHz, 
respectively.  The initial droplet diameter was set to 40 µm. 
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4-4.  Freezing time of water droplets in a vacuum 

Homogeneous ice nucleation rate of water 

Water droplets in a vacuum are suitable for studying freezing of water via 

homogeneous ice nucleation.  Generally, ice nucleation can be classified into either 

heterogeneous or homogeneous.  As a small sample size suppresses heterogeneous 

nucleation sites, water droplets as small as 40 µm in diameter can persist a liquid state 

down to homogeneous ice nucleation temperature.  Ice formation in a vacuum due to 

homogeneous nucleation has been reported by state-of-the-art experiments employing X-

ray spectroscopy, OH-band Raman spectroscopy, and laser scattering [2, 4, 5].  The 

homogeneous ice formation is a stochastic process, where the nucleation rate increases 

with a decrease of 1 K around the temperature of homogeneous ice nucleation [4, 5].  

Homogeneous ice nucleation rates are reported in an ambient gas and in inverse (water-

in-oil) emulsions [16, 49]. 

The experiment was conducted using 39.4-µm water droplets in a vacuum.  The 

droplets were cooled down evaporatively, of which size and temperature decreased as 

they traveled further from the nozzle.  The droplet sizes were measured from WGMs of 

Raman scattering signal in the OH stretching band at 4.0 ms before freezing.  The 

estimation of the temperature was based on the Knudsen theory of evaporative cooling 

applied to a droplet initially at the nozzle temperature (280.5 K).  The fraction of ice-

containing droplets increased as a function of time elapsed after droplet generation.  The 

CNN (convolution neural network) was employed for sorting out images of ice from those 

of liquid to evaluate a fraction of frozen droplets.   

The experimental procedure to obtain a scattering image of droplets is as 
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follows.  Light scattered at 90º from a droplet illuminated by a 532-nm CW laser (spot 

size: 1 mm) was recorded with a CMOS camera (IMX-249, Sony Group Corp.).  A 

microscope telecentric objective lens (Mitsutoyo Corp.) was employed, resulting in a 

field of view of 1 mm×0.8 mm.  Flight time of a droplet was measured by superimposing 

a bright field image captured with a 5-µs strobe LED synchronized with the nozzle.  The 

exposure time is sufficiently longer than 1 ms, which is the duration for a water droplet 

to pass through the field of view.  A typical image is shown in Figure 4-14.   

The images were classified into intact-liquid and ice-containing droplets 

according to the following criteria; thereafter, the process was automated through 

machine learning.  Liquid/ice discrimination was carried out by observing laser-scattering 

and bright-field images.  In laser scattering, a liquid droplet shows two streamlines; 

optical paths for a liquid droplet are clearly shown in Ref.[50].  In contrast, an ice-

containing droplet includes random scattering due to expected formation of dendritic ice.  

Freezing of supercooled water droplets starts with dendritic growth after homogeneous 

ice nucleation [10, 14].  The freezing velocity of 150-µm drops of supercooled water at –

35°C was reported to be 30 cm/s [14].  Therefore, the time interval from ice nucleation to 

dendritic-ice formation is predicted to be less than 50 µs, which is safely neglected here.  

The first kink of the trajectory was also the criterion for finding the freezing time.  The 

deflecting trajectory of an ice-containing droplet was expected to be due to non-uniform 

temperature of the droplet surface causing symmetry breaking in evaporation rates [9].  

500 images were acquired at each flight time, which were classified by using a CNN 

model that was retrained with previously measured droplet images.  The details of the 

CNN model will be explained in the next section.  The fraction of ice-containing droplets 

thus calculated as a function of time is shown in Figure 4-15.  The fraction of ice-
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containing droplets rapidly increased within 1300 µs for water droplets with a diameter 

of 39.4 µm. 

The volume-based homogeneous ice nucleation rate (Jv) was calculated from 

the frozen fraction fice of droplets as demonstrated in other nucleation studies [5, 13, 20, 

23].  The probability Px(∆t), where x-times of ice-nucleation events occur in a droplet 

with a volume V during a time interval ∆t, can be expressed by the following Poisson 

distribution: 

 𝑃𝑃x(∆𝑡𝑡) =
(𝐽𝐽v(𝑇𝑇)𝑉𝑉∆𝑡𝑡)𝑥𝑥

𝒙𝒙!
 exp [−𝐽𝐽v(𝑇𝑇)𝑉𝑉∆𝑡𝑡] (4-5-1) 

where Jv(T) is the volume-based homogeneous ice nucleation rate at temperature T.  On 

the premise that a droplet starts freezing immediately after an ice nucleus is formed, we 

may replace Px=0(∆t) by 1 − 𝑓𝑓ice .  The equation for the frozen fraction fice can be 

rearranged as an equation for Jv(t): 

 𝐽𝐽(𝑡𝑡𝑛𝑛) = −
ln[(1 − 𝑓𝑓ice(𝑡𝑡𝑛𝑛+1))/(1− 𝑓𝑓ice(𝑡𝑡𝑛𝑛))]

𝑉𝑉droplet × (𝑡𝑡𝑛𝑛+1 − 𝑡𝑡𝑛𝑛)  (4-5-2) 

where Vdroplet is the droplet volume and subscripts n and n+1 represent successive 

measurements.  The temperature of the droplet as a function of time is calculated from 

the Knudsen theory of evaporative cooling.  According to the result of cooling calculation, 

the variability in initial temperatures becomes small in the vicinity of the temperature of 

homogeneous ice nucleation.  For instance, in the case of a 2 K difference in initial 

temperatures, minor discrepancy of 0.04 K is predicted at 240 K droplets.  It is attributed 

to the fact that a higher initial temperature of the water droplet leads to increase in the 

vapor pressure.  The cooling rate near the homogeneous ice nucleation temperature is 1.8

×103 K/s.  To deal with the effect of the thermal conduction, a model droplet is divided 

into 100 spherical shells.  Such a shell model is often used for analysis of thermal 
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conductance in water droplets [1, 5, 10].  The details of the model were described 

elsewhere [5].  The vapor pressure and vaporization enthalpy were calculated by using 

the equations proposed by Murphy and Koop [51], which were derived from the 

exponential fit to the data of Cp measured by Archer and Carter [52].  The density was 

calculated by using the sixth-order polynomial reported by Hare and Sorensen [53].  The 

thermal conductivity  κ was calculated by using the equation proposed by the 

International Association for the Properties of Water and Steam (IAPWS) [35].  Although 

the evaporation coefficient remains a topic of discussion, we assumed a value of unity 

here [54].  We thus obtain an ice nucleation rate ranging from 2.1×107 to 1.6×1011 cm–3s–

1 as the temperature decreases from 234 to 231 K (Figure 4-16).  For the temperature of 

the droplet, a mass-averaged temperature, Tave = Σn=0
99 [Tn Vnρ(Tn)]/m was employed (ρ is 

the density of water).  The error in the temperature accounts for the temperature gradient 

inside the droplet; the temperature is lower at the droplet surface where evaporative 

cooling takes place.  The ice nucleation occurs in the vicinity of the cold surface because 

the nucleation rate show a rapid increase with decreasing temperature.  Furthermore, it 

contributes also to the fact that the cubic decrease in the shell volume towards the inner 

part of the droplet.  The 95% ice-nucleation events occur in the region within 28% radius 

beneath the surface of 40 µm droplets, according to the shell model calculations.  

Therefore, the mass averaged temperature calculated for the outer region from 72-th to 

100-th shells is also shown in Figure 4-16 by triangles.   

Finally, we show the Jv(T) values derived here in Figure 4-17 together with 

literature values of Jv(T) from previous experimental studies.  Our Jv values were close 

to the extrapolated values reported for 235–238 K, especially Stöckel et al.  The reported 

value below 232 K show some discrepancy between the data presented by Laksmono [23] 
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and Hagen et al. [22].  Nonetheless, our values tend to align more closely with the values 

of Laskmono et al. [23].  Their data were obtained under similar condition of evaporative 

cooling of ~10 µm droplets, so the agreement with our data is not surprising.   
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Figure 4-14.  A 90° scattered image of water droplet (40 µm) 
superimposed of bright field of the droplet at 6.5 ms by 
illuminating the droplet by a strobe LED.   
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Figure 4-15.  The ratio of ice-containing droplets as a function of 
time in a vacuum for water droplets with diameter of 39.4 µm.  The 
temperature was obtained using the Knudsen theory of 
evaporation.   
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Figure 4-16.  Measured volume-dependent homogeneous ice nucleation rate 
coefficient JV as a function of temperature within 232–236 K.  (triangle) The 
error bars account for the temperature gradient inside the droplet.  The 
upper/lower limit corresponds to the temperature of the inner-most/surface of 
the droplet.  (ball) The upper/lower limit corresponds to the temperature of the 
72th shell/surface (100th shell) of the droplet.  The mass averaged temperature 
was calculated from 72th to 100th shell.  The droplet volume was also calculated 
above 72th shell. 



 

85 

 
  

 
Figure 4-17.  Comparison of measured volume-dependent homogeneous ice 
nucleation rate coefficient Jv as a function of temperature within 220–240 K. 
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Deep learning approach: automated recognition of freezing from laser 
scattering images 

Deep learning is a machine learning technique that teaches computers to do 

what comes naturally to humans: learn by examples.  Deep learning is a specialized form 

of machine learning: deep learning extracts features automatically from images.  On the 

other hand, a machine learning workflow starts with features being manually extracted 

from images.  While deep learning was first theorized in the 1980s [57, 58], there are two 

main reasons why it has only recently become useful.  1. Deep learning requires large 

amounts of labelled data.  2. Deep learning requires substantial computing power.  Recent 

advances in deep learning have improved the accuracy in some tasks like classifying 

objects in images.  Most deep learning methods use neural network architectures, which 

simple models of the way that the human brain processes information.  Especially, 

convolution neural networks (CNN) use 2D convolutional layers, making this 

architecture well suited to processing 2D data, such as images.  In this study, we explored 

the potential of the CNN models for classifying the image of frozen or liquid water 

droplets, that is an intriguing example of the application of CNN to the scientific image 

processing.   

Images of ice-containing/water droplets such as Figure 4-14 are classified by 

using transfer learning from a pre-trained CNN network.  Tuning CNN through transfer 

learning is often faster and easier than constructing and training a new neural network.  

Most of the pre-trained CNN networks are trained on various image data-sets, notably the 

ImageNet database [59].  These neural networks have been trained on more than a million 

images and can classify images into 1000 object categories.  Considering the trade-off 

between accuracy and speed in CNN selection, this study compares the performance of 
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AlexNet (54% accuracy), Inception-v3 (77%), and NASNet-Large (82%) by using 

MATLAB (The MathWorks, Inc.).  For training data sets, we prepared a 9,100 images 

sorted categories of water, ice-containing droplets, and unobserved.  The categorized 

3,900 images were used to evaluate the CNN models after transfer learning.  Training 

cycle was set to 8 epochs and 64 iterations.  The results of each model was shown in Table 

4-4.  The CNN model used for automated classification was Inception-v3 in python-code.  

The model size (23.9 million parameters) is small while Inception-v3 shows more than 

75% accuracy in ImageNet database.  Classification took less than 1 s/image and was 

corrected visually in the end. 

 
 

 

  

CNN model Validation accuracy training time /min. learning rate 

AlexNet 82.6% 1.5 0.001 

Inception-v3 86.8% 12 0.001 

NASNet-Large 91.7% 221 0.001 

 
Table 4-4. Training results of CNN models in transfer learning.  The trade-off 
between training time and accuracy is shown.   
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Chapter 5.  High speed imaging of damping oscillation 

and fragmentation of water droplets 

5-1.  Freezing processes of water droplets in a vacuum 

For a comprehensive understanding of water droplets in a vacuum, high speed 

imaging measurements of droplets were performed.  During droplet generation, a water 

droplet gains a surface energy upon separating from bulk water [1].  The surface energy 

induces oscillatory deformation of the droplet as manifested in high speed images.  As 

the deformation dynamics is governed by surface tension and viscosity of the droplet, it 

enables contactless measurement of these physical constants.  The conventional physical 

models linking to these material properties are the Rayleigh and Lamb formula [2,3].  

However, both equations are derived under weakly damped oscillation.  In this study, the 

linear Navier–Stokes equation was used for a wide damping range to evaluate these 

properties.   

After the water droplet starts damping oscillation upon generation in a vacuum, 

it undergoes rapid evaporative cooling as well.  In the subsequent freezing events, the 

droplet changes its trajectory [4].  Such deflection in the trajectory is proposed to result 

from asymmetrical evaporation rates [5].  We captured trajectories of water droplets in a 

vacuum using a high-speed camera.  Also, even fragmentation is predicted for freezing 

water droplets of 50–70 µm in diameter [4], which is of interest in the context of ice 

formation.  In the atmosphere, the fragmentation of ice droplets is considered as one of 

the factors contributing to water droplet freezing above the limit for homogeneous 

freezing [6].  Although the probability for leading to fragmentation varies depending on 
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reports from different research groups, there is a notable decrease in the fragmentation 

probability for droplets of 50 µm or less under an ambient pressure [7-10].  A model 

calculation also predicts absence of fragmentation in water droplets smaller than 50 µm 

[11].  However, using a high-speed camera, the present observation in a vacuum reveals 

an enhanced probability of fragmentation even for water droplets as small as 40 µm.   
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5-2.  Damping oscillation of droplets 

Oscillation of liquid micro-droplets is a physical phenomenon governed by 

viscosity, surface tension, and droplet size.  For water droplets larger than ~10 µm, 

oscillation excited upon droplet generation by a piezo-driven dispenser has a non-

negligible effect on droplet deformation that affects the size measurement by WGMs.  

To evaluate an amplitude of oscillation, oscillating droplets were recorded as a movie 

by a high-speed camera (ACS-1, nac Image Technology Inc.).  As described below, the 

shape descriptors calculated in this study are the diameter, aspect ratio, and roundness.  

Since the depth of field of the camera was shallow, the oscillatory deformation was 

characterized solely by the aspect ratio.  Figure 5-1 shows an example of a 

shadowgraph image taken at a rate of 400,000 fps, a resolution of 1280×96, and a 

exposure time of 1 µs, from which an aspect ratio was calculated by elliptical fitting of 

the contour of the image to extract the lengths of major and minor axes.   

An oscillation manifested in the aspect ratio is shown in Figure 5-2, which 

was observed for a 42.4-µm water droplet in the atmosphere.  The time zero was 

defined as the time when the water droplet was released from the nozzle.  

Reproducibility of the oscillatory behavior was confirmed by repeated measurements 

for multiple droplets with a single-capture mode of a high-speed camera synchronized 

with a delay generator as shown in Figure 5-3, which exhibits a similarity to Figure 5-

2 obtained by a high-speed camera capturing a single droplet.  This similarity implies 

that the present method of droplet generation has sufficiently high reproducibility that 

allows reliable measurement of the droplet size via WGMs described in Section 4-3. 

Oscillating liquid droplets are modeled conventionally by the Rayleigh and 
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the Lamb formula [2,3].  The oscillation frequency depends on the surface tension and 

the droplet mass, while the damping time is dependent on the viscosity as well as the 

droplet mass.  Therefore, the frequency and the damping time of surface oscillation has 

been used for contactless measurements of viscosity and surface tension [12-17].  Both 

the formula are derived under an assumption of either damping free or very weak 

damping.  Such an ideal oscillation is not realized when an aspect ratio is significantly 

large (>~1.2) as in the present case (see Figure 5-2).  The model has been extended to 

large-amplitude oscillations as reported by Refs. [18] and [19].  In this study, viscosity 

η and surface tension γ were calculated based on the basic characteristic equation of 

the linear Navier–Stokes equation introduced by G. Lohöfer, which represents a model 

applicable to any damping range [19]. 

 γ =
3𝑀𝑀
32𝜋𝜋

𝜔𝜔2
2 (4-4-1) 
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where 𝜔𝜔2  is the oscillation frequency and 𝜏𝜏2  the damping time of the fundamental 

mode l = 2, M the droplet mass, and a the equilibrium radius of the droplet.  Oscillatory 

deformation of a liquid droplet around the equilibrium point can be described by an 

infinite series of orthogonal surface spherical harmonics.  The radius r changes as a 

function of time t and polar angle θ as  

 𝑟𝑟(𝑡𝑡,𝜃𝜃) = 𝑟𝑟0[1 +
1
2
𝐴𝐴2(𝑡𝑡)(3 cos2 𝜃𝜃 − 1)] (4-4-3) 

where 𝐴𝐴2(𝑡𝑡) is an instantaneous amplitude of the 2nd oscillation mode normalized by 

initial radius 𝑟𝑟0.  𝐴𝐴2(𝑡𝑡) is expressed by the aspect ratio ξ as follows:  

 𝐴𝐴2(𝑡𝑡) =
ξ(𝑡𝑡) − 1

2 + ξ(𝑡𝑡)/2
 (4-4-4) 
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The damping time 𝜏𝜏2 and oscillation frequency 𝜔𝜔2 can be extracted from the 

time dependence of 𝐴𝐴2  and its Fourier transform (Figure 5-2).  The oscillation 

frequency at about 40 kHz was split into two components in Figure 5-2(a), which 

originates from the distortion in the periodic oscillation observed at 140 µs.  The 

oscillation frequency can split into several peaks due to rotational sample movements 

[16, 20, 21].  The sample rotation was estimated to be 0.83°/s by the elliptical-fitting 

analysis of the present experimental data.  Taking this sample rotation into account, we 

were able to derive an ideal periodic oscillation as shown in Figure 5-2(b).  Inclination 

from the image plane and rotation about z-axis were ignored.  Although the effect of 

the translational motion is still included, the main peak at 40 kHz appeared as a single 

peak (the inset of Figure 5-2(b)).  The values of surface tension and viscosity calculated 

from Eqs. 4-4-1 to 4-4-2 are 76.0 mN/m and 1.05 mPa·s, where  𝜔𝜔2 :253 kHz and 

𝜏𝜏2:8.56×10–5 s and the droplet radius was derived to be 21.2 µm from the high-speed 

image and the density of water at 8.5°C.  Compared with the reference data of water at 

9°C [22], surface tension and viscosity are  74.37  mN/m and 1.356 mPa·s.  The relative 

error of referenced data are 2% and 20%, respectively.   

Damping oscillation was measured also in a vacuum using the same method 

as in Figure 5-3 performed in the atmosphere.  As shown in Figure 5-4, the oscillation 

can be observed until 200 µs.  According to temperature simulation based on the 

Knudsen theory, the mass averaged temperature of the droplet at 200 µs is 271 K, when 

initial temperature and diameter are 280 K and 40 µm, respectively.  The decrease in 

temperature from 280 to 271 K leads to an increase in surface tension and viscosity 

from 74.7 to 75.4 mN/m [23] and from 1.425 to 1.928 mPa·s [24], respectively.  The 

diminishing oscillation beyond 200 µs in Figure 5-4 compared with Figure 5-3 is 
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speculated to be a result of an increase in viscosity. 
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Figure 5-1.  (a)8-bit gray scale image of droplet.  (b)Binary image of (a) with 
threshold set to 48, inverted to black and white.  The contours of droplet (red 
line) was fitted with an ellipse, which is used for calculating the aspect ratio 
(AR) from major and minor axis.  The roundness (C) was calculated from the 

area and length of contours (4π × area/Perimeter2). 

 
Figure 5-2.  Aspect ratio of the droplet as a function of time after the droplet 
left the nozzle in the atmosphere as measured by high speed imaging (400,000 
frames/sec.).  (a) Damping oscillation of the droplet as observed.  (b) Aspect 
ratio taking into account an angular velocity of 0.83°/s estimated by elliptical 
fitting.  Corresponding Fourier-transformed spectra are shown in the insets.  
The exposure time was set to 1 μs. 
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Figure 5-3.  Aspect ratio of droplets as a function of delay time between droplet 
generation at the nozzle and image capture by the camera.  Each plot 
represents a different water droplet captured by varying the delay time.  The 
consistency with Figure 5-2(a) indicates high reproducibility in water droplet 
generation.  The time interval was set to 1 μs.  Also, exposure time was set to 
1 μs.   
 

 
Figure 5-4.  Aspect ratio of droplets as a function of time in a vacuum.  The 

pressure of chamber was 1.7 Pa.  The initial temperature of water was 6.9 °C.  
The setup of the camera was the same as Figure.5-3. 
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5-3.  High speed imaging of homogeneous ice formation 

The process of water-droplet freezing in a vacuum was also observed by a high-

speed camera (ACS-1, nac Image Technology Inc.) in a video mode, which was triggered 

by a digital delay generator (DG645 ,Stanford Research Systems) at a given time delay 

from droplet generation.  A zoom lens configuration provided a working distance of 

97 mm and a range of magnification from ×6.5 to ×23 (Z16 APO and Plan APO and some 

other components, Leica Microsystems GmbH).  The field of view of the camera at the 

lowest magnification (×6.5) was 3.2 mm × 4.5 mm.  The video frame rate was set to 

54 kHz.  Due to its principle, the practical resolution of a high-speed camera changes 

depending on the target frame rate.  For supporting a high frame rate and a large field of 

view, images were acquired using bilinear based interpolation methods.   

The representative set of images of homogeneously frozen pure water droplets 

are shown in Figure 5-4(a) at 8-frame intervals.  The fact that the droplet images are not 

equally spaced at each interval indicates that the water droplet undergoes irregular 

acceleration.  Ice spicules are observed at 6.9 ms that grow up further; similar events were 

confirmed in almost all the droplets examined.  The spicules have been reported both in 

an ambient pressure and in a vacuum during the freezing stage of homogeneous ice 

nucleation [9, 11, 25].  High speed recording by Wildeman et al. shows that the spicules 

are formed by freezing of water subsequent to being pushed out of the ice shell through a 

small crack [11].  Formation of an ice shell is observed after the dendritic ice growth by 

a high speed camera [11, 26].  It is noteworthy that images of 50-µm frozen droplets show 

the presence of spicules in homogeneous freezing, while heterogeneous ice nucleation at 

–8°C of the same size shows no spicules or deformation [25].  From this report, spicules 
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are considered to be a characteristic geometry in homogeneous ice nucleation of water 

droplets around 40 µm.  However, spicule formation is reported also for heterogeneous 

freezing, where droplets freeze into polycrystalline ice; spicules are formed with a 

probability of 90–100% in this case [27, 28].  It is speculated that ice droplets observed 

in the present experiment are also polycrystalline in view of the high probability of spicule 

formation.   

The flight trajectory of a droplet changes its direction after ice nucleation.  Such 

a spontaneous motion of free droplets freezing is also reported in other studies [4, 11].  

Recently, a simplified evaporation model by C. A. Stan et al. [5] proposed an asymmetric 

evaporative flux, from which a droplet experiences a net reactive force directed opposite 

to the nucleation point.  In this study, flight trajectories were observed using a high-speed 

camera.  Also, spicule growth and angular velocity increase were confirmed after 

deflection.  The change in the angle of spicules indicates a rotational velocity of 1.3°/µs; 

this means that the angular velocity increases with respect to < 0.83°/µs just after droplet 

generation as estimated from the damping oscillation.   

Fragmentation of water droplets smaller than 50 µm have not been reported 

before [6, 7, 9, 25].  From the simple theoretical model of kinetic-energy balance, 

Wildeman et al. [11] predicted that symmetrically freezing droplets smaller than 50 µm 

in diameter cannot break up.  However, fragmentation of ice droplets as small as 42 µm 

was observed for most of the droplets examined in the present study.  Figure 5-5 shows 

several images of fragmentation events.  .  It was observed that, out of 128 freezing events, 

85% of droplets break up within the field of view.  These events include 73% of splitting 

into approximately equal two fragments, 10% of splitting into three, and 2% of splitting 

into four.  The mean fragmentation time (time elapsed from ice nucleation to 



 

103 

fragmentation) is calculated to be 674±106 µs, which is derived by assessing the time 

interval between the first kink of the trajectory and the onset of fragmentation.  From the 

laser scattering pattern as shown in Figure 4-14, the onset of freezing coincides with the 

irregular deflection of the trajectory.  The fragmentation time predicted by Wildeman et 

al. is ~10 ms at 50 µm droplets, which is more than 10 times longer than the present 

observation (674 µs) for 40-µm droplet.  The model calculation reported by Wildeman et 

al. assumes that the increase in the internal pressure is occasionally released by multiple 

cracks.  However, in the case of nucleation following rapid evaporative cooling as in this 

study, the internal pressure due to the growth of an ice shell may have surpassed the 

pressure release through cracking.  The fragment velocity, excluding the initial velocity 

of the droplet was 2.1 m/s, which is slightly faster than 1.0 m/s reported by Wildeman et 

al. [11].   
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Figure 5-4.  High speed microscopy images of freezing water droplets in a 
vacuum.  (a) Ice spicules and deformation are captured at around 6.9 ms (the 
image indicated as +444 µs).  The magnification was set to ×23 (Scale bar: 
50 µm).  (b) Spontaneous trajectory deflection and subsequent fragmentation 
were observed.  The magnification was ×6.25 (Scale bar: 100 µm). 
 

 
Figure 5-5.  Fragmentation of droplets. (Scale bar: 50 µm) (a) Most of the 
droplets break up into two fragments.  In some cases, (b) three and (c) four 
fragments were observed.  (d) Occasionally, small fragments were observed. 
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Chapter 6 Whispering gallery modes in broadband 

coherent anti-Stokes Raman scattering 
Multiplex coherent anti-stokes Raman scattering (CARS) has been applied to 

obtaining fundamental vibrational modes of biological cells by expanding the bandwidth 

of the Stokes radiation [1, 2].  Especially, the spectral coverage of multiplex CARS using 

supercontinuum generated from a photonic crystal fiber extends even over 2500cm–1 [3].  

The continuous spectra of multiplex CARS exhibit not only vibrational resonances but 

also non-resonant background signals [4], which is an advantage in measurements of 

whispering gallery modes (WGMs).  The WGMs obtained by broadband multiplex CARS 

in spherical objects are expected to be useful in analyzing complex Mie theories, which 

provide the size of the object and the refractive index of the material along with its 

wavelength dispersion.  In this study, the whispering gallery modes of 10-µm polystyrene 

beads (Polybead microspheres, Polysciences, Inc.) were measured by employing an 

ultrabroadband multiplex CARS spectroscopic imaging system. 

The experimental setup of multiplex CARS has been described elsewhere [5, 

6].  Briefly, the main light source was a custom-made dual-fiber output synchronized laser 

(OPERA HP, Leukos, Limoges, France).  The dual outputs from the laser (pump beam: 

1064 nm, Stokes beam: ultra-broadband supercontinuum radiation ranging from visible 

to near infrared) were superimposed using a notch filter and were guided into a modified 

inverted microscope in a collinear geometry.  The polystyrene beads were supported on a 

glass slide surrounded by the air.  The sample slide glass was placed on a piezoelectric 

stage for three-dimensional adjustment.  The multiplex CARS signal was detected by a 

spectrometer equipped with a CCD camera. 
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The CARS spectra obtained by irradiating the center and the edge of the beads 

are shown in Figures 6-1 and 6-2, respectively.  The vibrational bands were assigned 

based on Raman-shift values [5].  The CARS signals originating from the center of the 

polystyrene bead (Figure 6-1(b)) diminish as the irradiation position of the laser is 

displaced toward the edge, where only the WGM resonances are observed (Figure 6-2(b)).  

These signals were not observed outside the bead area.   

The WGMs observed in the non-resonant CARS signal region are assigned as 

shown in Figure 6-2(b).  Two distinct series of WGMs were discernible, which were 

ascribed to WGMs from the two beads located at the right and the upper side of the laser 

position indicated in Figure 6-2(a).  The size of the beads were evaluated to be 10.43 and 

10.76 µm for the right and the upper beads, respectively, which were within the range of 

10 ± 1 µm described in the datasheet of the polystyrene beads purchased.  The pump and 

Stokes beams in TM polarization for the right bead become TE polarization for the upper 

bead.  Simultaneous observation of orthogonal TM and TE polarizations further supports 

these results.  The profile of the WGM signal intensity would not be addressed here, 

which is influenced by experimental conditions such as the calibration of the spectrometer 

and the chirping properties of the Stokes laser.   

The multiplex CARS provide WGMs in a wavelength range broader than that 

for an ordinary Raman band in Section 4.  The broadband WGMs would have an 

advantage in the measurement of refractive-index dispersion and its temperature 

dependence with high precision.  For example, the refractive-index dispersion has been 

reported for polystyrene beads [7, 8].  The benefits of broadband WGMs are not limited 

to polystyrene beads but can be applied to supercooled water droplets as well.  So far, a 

refractive index of supercooled water has been reported in the wavelength range between 
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534 and 675 nm by spectroscopic approaches [9, 10].  However, its temperature 

dependence has not yet been reported as far as we know.  It is expected that future studies 

will elucidate temperature dependence of the refractive-index dispersion of supercooled 

water by taking advantages of multiplex CARS to obtain WGMs in broadband. 

In summary, WGMs have been measured for 10-µm polystyrene beads by 

broadband multiplex CARS.  The CARS spectrum of the polystyrene beads show non-

resonant background signals as well as several peaks attributable to the molecular 

vibrations of polystyrene.  By adjusting the pump- and Stokes-beam positions to the edge 

of the beads, WGMs from non-resonant background were observed, which was assigned 

to 10 radial modes.  The size of the beads was calculated from the observed WGMs using 

the Mie theory, resulting in 10.43 and 10.76 µm for two beads.  Broadband WGMs hold 

the potential for acquiring wavelength dispersion.  In the future, WGMs via broadband 

multiplex CARS could serve a method for simultaneous measurement of the temperature-

dependent size changes due to thermal expansion/shrinking and the wavelength 

dispersion of refractive index. 
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Figure 6-1.  Ultrabroadband multiplex CARS from a polystyrene bead.  
(a) The position of the pump and the Stokes lasers.  (b) The CARS 
spectrum of a polystyrene bead.  For comparison with Figure 6-2(b), the 
abscissa is represented in wavelength. 
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Figure 6-2.  Whispering gallery modes observed for two polystyrene 
beads.  (a) A microscopy image of polystyrene beads.  The bule circle 
shows the position of the laser.  (b) A spectrum of WGMs measured at 
the position shown in (a).  TM and TE modes correspond to signals from 
the right and the upper beads, respectively; i.e., the electric vector of the 
laser polarization is horizontally aligned.   
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Chapter 7.  Concluding remarks 
In the present work, experimental and computational approaches were proposed 

for the studies of ion-beam manipulation and droplet dynamics.  The computational 

method implemented in the SIMION software for solving Laplace’s equation provides 

ion trajectories along the entire time-of-flight mass spectrometer.  Here the author 

presented a novel design of a reflectron equipped with an additional electrostatic lens in 

front of a conventional ion reflector for improving convergence of an ion beam.  The 

computational ion beam evaluation of the entire device, exceeding 1 m in size, provides 

clear guideline for electrode design.  Its superior performance was demonstrated by 

chemical reaction experiments and X-ray spectroscopy.  In addition, ion trajectory 

simulations for linear ion traps were performed to characterize an ion cloud created by 

stored ions.  Ion-distribution profiles that have been reported by experiments were 

quantitatively reproduced by incorporating the effects of space charge and buffer-gas 

thermalization.  The present simulation method has a potential for future applications to 

various ion-trap simulations.  Finally, the size of evaporating water droplets injected into 

a vacuum has been probed via WGMs observed in the OH stretching band of the Raman 

scattering spectrum.  The droplet size as a function of time showed damping oscillation 

of quadrupolar distortion and shrinkage due to evaporation.  Subsequent freezing events 

were monitored by a high-speed camera.  Computer analysis employing Mie theory and 

image processing demonstrated its capability to derive the evaporation rate and the 

homogeneous freezing nucleation rate of supercooled water.  Particularly, we anticipate 

future experiments that will validate the results of homogeneous ice nucleation rates 

below 235 K with the outcomes of our present study.  Fragmentation of water droplets 

was induced even for sizes as small as 50  µm.  The material properties of supercooled 
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water droplets measured in this study contribute to a better understanding of the 

complexities within the depth of supercooling. 
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