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Highlights 

 Time resolved Raman Spectroscopy of the hexafluorobenzene under extreme conditions at 

molecular level has been done. 

 The phase transitions under high pressure has been studies 

 One Dimensional hydrodynamic simulation is performed to validate the experimental data. 

 Laser driven flyer is developed for the shock compression in the hexafluorobenzene sample  

 

Abstract: 

Hexafluorobenzene is used as a cooling fluid in nuclear reactors, production of 

pharmaceutical compounds and in prognostic biomarkers. It is useful to understand the 

dynamics of Hexafluorobenzene under extreme conditions. For the first time, we have 

performed Time-resolved Raman Spectroscopy of laser shocked Hexafluorobenzene using a 

pump-probe technique to study the effect of high pressure at the molecular level and possible 

phase transitions. A 2 J / 8 ns Nd: YAG laser system is used for generating shock pressures of 

up to 4.5 GPa in the sample in a confined geometry. Three prominent modes at 370 cm
-1

 (e1g 

fundamental mode or ν10 ), 445 cm
-1

 (e2g fundamental mode or ν6 ) and 560 cm
-1

 (a1g 

fundamental mode or ν1 ) exhibit blue shift with scaling factors of 370 + 0.88 P(GPa), 445 

+1.22P(GPa) and 560 +1.93P(GPa) respectively. A liquid→Phase-II phase transition is 

observed at a pressure of 0.9 GPa which is very close to the 0.8 GPa pressure at which a 

phase transition has been reported to occur under static compression. The shock velocity in 

Hexafluorobenzene at a laser energy of 300 mJ and 500 mJ is calculated by measuring the 

intensity ratio of Raman modes emerging from the shocked region to that of the whole 
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sample. To validate the experimental results, 1-D radiation hydrodynamics simulations are 

also performed. Experimentally obtained shock velocities, at a laser intensity of 1.47 GW/cm 

2
 (300 mJ) and 2.46 GW/cm

2
 (500 mJ), are 2.54 km/s and 3.65 km/s respectively which are in 

close agreement with simulation results of 2.98 km/s and 3.84 km/s respectively. Gruneisen 

parameters corresponding to the three modes are also calculated which are 0.00950 ± 0.0140 

(ν10 mode), 0.0433 ± 0.0060 (ν6 mode), and 0.0561 ± 0.0044 (ν1 mode) respectively. 

Keywords: Laser-driven shock wave, Time-resolved Raman Spectroscopy, Phase transition, 

molecular spectroscopy 

 

Introduction: 

For years, high-pressure studies have been of importance to several other research areas such 

as astrophysical research [1], geological and planetary studies [2], inertial confinement fusion 

(ICF) research [3] and condensed matter physics [4] to name a few. Shock wave experiments 

are a reliable means of providing information about the dynamics of thermo-physical, 

chemical, and mechanical properties of matter under extreme conditions (high-pressure and 

high-temperature). Conventional shock wave experiments, using streak cameras and 

interferometers, provide end-state information only. However, real-time information is of the 

utmost importance in understanding the phenomena induced by a shock wave propagating 

through a material [5] which can be achieved only by time-resolved x-ray or optical 

spectroscopy measurements. Vibrational spectroscopy, a branch of optical spectroscopy, is a 

suitable tool to probe such phenomena as it allows the monitoring of molecular, structural, 

and chemical changes directly [6].   

The development of high-intensity lasers has provided a reliable alternative to the 

shock wave experiments usually performed using gas guns, impact loading [7], energetic 

materials [8], and historically in underground nuclear tests [9]. Such high-intensity laser 

driven shock wave experiments have several potential advantages such as high repeatability 

and stability, low cost, compactness and high achievable peak pressures [10, 11]. Apart from 

this, the generation of short pulses of the order of femtoseconds to nanoseconds from lasers is 

also useful for real-time understanding of chemical processes as most of the chemical 

reaction dynamics transpire in the time frame of 10
-13

 to 10
-9

 seconds. In laser-driven shock 

wave experiments, a high-intensity laser pulse is focused onto the target, thereby generating 

rapidly expanding plasma which in turn launches a shock wave into the target and hence 
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dynamically compresses it. To understand shock-induced phenomena occurring on 

nanosecond time-scales, it is necessary to probe at a similar time-scales. Time-resolved 

Raman spectroscopy (TRRS) is a very capable and efficient tool for the investigation of 

molecular and chemical changes triggered by dynamic pressure on nanosecond timescales as 

it provides real-time information about the changes occurring in the sample due to the 

propagation of the shock wave [12]. Hence, of late, laser-based TRRS has been garnering 

significant attention.  

Over the past few decades, fluorination has emerged as an effective way of achieving 

useful properties in materials that find use in various aspects of science as well as everyday 

life. Fluorinated compounds, because of the strength of the C-F bond, exhibit weak 

intermolecular interactions, high oxidative and thermal stability, low polarity, and surface 

tension in comparison to their hydrocarbon counterparts. These properties have led to the 

development of various new materials such as liquid crystals, conductive polymers, dyes, 

pharmaceuticals, etc. [13-17]. Fluorocarbons are also a potential source of molecular fluorine 

[18]. Hexafluorobenzene (C6F6) is a derivative of benzene obtained by H/F atoms 

substitution. It is widely used as a solvent in various NMR spectroscopy and photochemical 

reactions. Its properties allow it to be used in the production of dyes, pigments, explosives, 

and fungicides and also in air conditioning systems as an algaecide in coolant water [19]. 

Hexafluorobenzene has extremely widespread use in the biomedical field (cancer research) as 

it is used in investigating potential prognostic biomarkers of tumour oxygenation because of 

its single and narrow NMR signal and high sensitivity [20, 21]. Hexafluorobenzene (C6F6) 

has many properties similar to that of benzene (C6H6) such as freezing point (  278 K) and 

 oiling point (  353.5 K) and they both exhibit one solid phase upon cooling [22-25]. Both 

have been shown to exhibit high-pressure phases too [25-27]. There are several studies 

available on static compression of Benzene [28, 29], Hexafluorobenzene [18, 30] as well as 

C6H6-C6F6 co-crystal [31]. Suzuki et al. demonstrated that when C6F6 is compressed slowly at 

room temperature, beyond 0.3 GPa, a dendrite phenomenon was observed and it solidifies 

into phase-I at about 1 GPa and then into phase-II on further compression (2-4 GPa); on the 

other hand, on the quick application of pressure up to 0.8 GPa, it solidifies directly into 

phase-II [18]. In this experiment, it was observed that Phase-I does not reverse back to the 

liquid state when the pressure is released; however, phase-II returns to the original liquid 

state and thereby undergoes a reversible phase transition. M. Pravica et al. extended this 

study further up to 34.4 GPa and reported up to 5 different phases using Raman, IR, and 
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angular dispersive XRD techniques [30]. When compressed using laser-driven shock waves, 

materials experience a sudden and extreme compression along with significantly high 

temperatures.  

In this manuscript, we present phase transitions observed in Hexafluorobenzene under 

laser-driven shock compression by using the pump-probe technique and its comparison with 

published static compression data. We also performed time-resolved spectroscopy of the 

sample to study the shock wave propagation through the sample which enables us to 

determine the shock velocity using experimental data. To validate the experimental data, we 

also performed a 1-D radiation-hydrodynamics simulation and the results are in good 

agreement with the experimental data. 

 

Experimental Details: 

The experiments are performed using a Q-switched high-power neodymium-doped yttrium 

aluminium garnet (Nd: YAG) pulsed laser (2 J / 8 ns EKSPLA Laser) in a pump-probe 

configuration. A fundamental beam (1064 nm / 8 ns) of the laser is used as a pump for 

launching the shock wave into the sample and a second harmonic beam (532 nm / 8 ns) is 

used as a probe for exciting Raman scattering in the sample. The spatial profile of the laser is 

nearly flat (80% hat top profile) which ensures uniform shock pressure in and around the 

region being probed. To probe the sample at different time intervals, the optical delay 

between pump and probe is generated by using two large-size plane mirrors arranged in 

parallel geometry with a gap of 1.05 meters (roundtrip time 7 ns). The sample is prepared in a 

confined geometry with the target assembly consisting of a 2.5 mm thick cover glass (20 mm 

diameter) with 25 µm thick aluminium foil glued to it, followed by a 200 µm thick Teflon 

spacer, and a further layer of glass (same as the cover glass). In this confined geometry, the 

sample occupies the volume created by the spacer between the two glass plates. Such a target 

assembly helps to enhance the shock pressure by 6 times and increases the shock pressure 

pulse profile duration by a factor of 10 [32]. The schematic of the experimental setup has 

been shown in figure 1. More details about it can be found in earlier works [33, 34].  
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Fig. 1. Schematic of the experimental setup; M1-9 are reflecting mirrors, P is a polarizer, 

QWP is a quarter-wave plate, DSO is digital scope & ICCD is an intensified charge-coupled 

device [33].  

 

The pump beam is focused on the target assembly at the glass-aluminium interface, 

within a spot size of 1.8 mm diameter, which generates plasma at the interface. This plasma 

plume expands backward and is confined by the cover glass (hence it is referred to as a 

confined geometry) which results in an enhanced amplitude shock wave being driven into the 

aluminium foil. A stable shock wave generated in the aluminium foil which then enters into 

the sample at the aluminium-sample interface. The magnitude of shock pressure reduces in 

the sample due to the lower shock impedance of C6F6; for example, with a 500 mJ laser 

pulse, the shock pressure in aluminium is 5.7 GPa which drops down to 2.6 GPa upon 

entering the sample. Coincident with the passage of this shock wave, the sample gets 

dynamically compressed. From the rear side, the probe beam is focused onto the centre of the 

shocked region within a spot size of diameter 500 µm, so as to probe the region which 

experiences the most spatially uniform shock-wave profile. The energy of the pump beam is 

varied between 100 mJ (Intensity = 0.5 GW / cm
2
) and 1320 mJ (Intensity = 6.5 GW / cm

2
) in 

order to vary the peak pressure applied to the sample. The probe energy is kept fixed at 3 mJ 

throughout the experiment. The probe beam undergoes elastic (Rayleigh) and well as 

฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀฀



inelastic (Stoke's and Anti-Stoke's) scattering from the compressed and uncompressed 

regions of the sample. The Rayleigh signal is filtered out by an ultra-steep notch filter and the 

scattered Raman signal is dispersed by a half-meter-long spectrometer (ANDOR Shamrock 

SR500i) followed by collection with a gated intensified CCD camera (ANDOR New iStar 

DH340) which has 2048 x 512 pixels.  

For the experiment, a 1200 gr/mm grating is used, which enables us to record Raman 

spectra within the wave number range from 150 cm
-1 

to 1000 cm
-1 

with a spectral resolution 

of about 3 cm
-1

. The target assembly is mounted on a motorized X-Y-Z-stage so that each 

shot can be taken on a fresh sample region. The gating time of the ICCD camera is kept at 2 

ns. To achieve an acceptable signal to noise ratio, each Raman signal comprises 40 shots. So, 

overall, each Raman signal has a collection time of 80 ns. A greater number of shots could 

not be taken due to the associated increase in operating costs. During each shot, two quartz 

windows are damaged. However, signals from 40 shots are enough to extract reliable results. 

 

Simulations:  

1-D radiation hydrodynamics simulations are performed to model the experiment using the 

HYADES code [35]. HYADES is a Lagrangian radiation-hydrodynamics simulation code, 

which uses a flux-limited diffusion model of electron transport; in these simulations, the flux 

limit is set at 5% of the free-streaming limit. A multi-group diffusion approximation is 

employed to mimic thermal radiation transport within the target, utilizing 40 radiation groups 

arranged logarithmically from 1 eV to 2 keV. The equation of state (EOS) for glass and 

aluminium is taken from the SESAME library, while the EOS for Hexafluorobenzene is taken 

from an in-line Quotidian Equation of State (QEOS) model. This QEOS model takes as an 

input bulk modulus data from references 36 and 37.  

 

Results and Analysis: 

Hexafluorobenzene (purity 99.9 %) was obtained from Sigma-Aldrich and used for the 

experiments without any further purification. At ambient pressure, the Raman spectrum of 

Hexafluorobenzene was recorded which showed three prominent modes: C-F in-plan bending 

mode at 370 cm
-1 

(e1g fundamental mode or ν10), C-F out-of-plane bending mode at 445 cm
-1

 

(e2g fundamental mode or ν6) and ring breathing mode at 560 cm
-1

 (a1g fundamental mode or 

ν1) which matches very well with the available reference [38], thereby providing some 
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reassurance regarding the purity of the sample. The Raman spectrum, obtained after the 

shock wave has entered into the sample, has contributions from both the shocked and 

unshocked regions. So, for analysis, we fit two or three Lorentzian peaks to the recorded 

curve out of which the first peak corresponds to the contribution from the unshocked region 

and the rest of the peaks correspond to contributions from the shocked region (depending on 

phase transitions occurring at high pressures). In the peak fitting process, we fix the position 

and FWHM of the first Lorentzian peak to that of the unshocked Raman curve while leaving 

the others free for best fitting. Thereby, we can separate the contributions of the unshocked 

and shocked regions in the resultant Raman spectra. 

The pump beam was focussed at the glass-aluminium interface which leads to the 

generation of backward expanding plasma at the interface and drives a shock wave into the 

aluminium and thereafter into the sample. For the confined geometry employed here, the 

pressure in the aluminium foil is calculated using Fa  ro’s model [39] and is given by 

      √ √ √                …(1) 

Where P (in GPa) is the peak pressure in the aluminium, Z (in g/cm
2
/s) is the reduced shock 

impedance, I (in GW/cm
2
) is the laser intensity and   is a corrective factor to account for the 

confined geometry. The value of   is 0.1-0.4 for glass confinement [40]. Transfer of pressure 

from aluminium to Hexafluorobenzene was calculated using the impedance mismatch 

technique which requires knowledge of the Hugoniot of both of the materials. The Hugoniot 

is the locus of points in PV space that may be reached by the passage of a single shock wave 

from a given initial state (here approximately STP). The impedance mismatch technique 

relies upon the fact that as the shock wave passes the boundary between the two materials (of 

different impedance         , where,    is ambient condition density of the medium and     is the shock velocity in the medium) the pressure and particle velocity must equalise at the 

boundary. This enables the thermodynamic states of both materials to be established at the 

boundary based on a relatively limited set of measurements. Suppose,           are the 

impedance of the material A and B. If        , then the shock pressure transmitted in the 

sample B as well as reflected shock pressure in sample A will be lower then the shock 

pressure of the forward moving shock wave and vice-versa. In our experiment both the cases 

are taking place. Aluminium impedance is higher than Hexafluorobenzene resulting lower 

pressure in Hexafluorobenzene. Glass impedance is higher than Hexafluorobenzene resulting 

higher pressure jump in glass.  The Hugoniot for aluminium was taken as Us = 5.165 + 
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1.25Up (obtained from the SESAME library) while for Hexafluorobenzene, the Hugoniot was 

found using the QEOS model which forms a part of the HYADES code suite. This QEOS 

model takes as an input bulk modulus data from references 36 and 37. The Hugoniot so 

generated is given by Us = (2.736 ± 0.056) + (1.278 ± 0.002) Up. 

 

Raman studies with varying pressure 

All the three modes (ν10, ν6, and ν1) were studied extensively with varying dynamic pressure 

in the range of 0.3 GPa (100 mJ) to 4.5 GPa (1320 mJ) at a fixed optical delay of 52 ns. All 

the three modes exhibit broadening as well as blue shift with an increase in dynamic pressure 

(similar to the results recorded with static compression) as shown in figure 2. Of the three 

modes, the symmetric stretching mode ν1 (560 cm
-1

) is the most intense and shows the largest 

shift with pressure. However, ν10 mode is also of equal interest, because it exhibits multiple 

(two) shocked peaks, apart from the unshocked one, thereby indicating the presence of a 

phase transition. Since laser-induced shock compression is a very sudden and short-lasting 

phenomenon; under shock compression with sufficient pressure, it can be concluded that 

Hexafluorobenzene directly goes from the liquid phase to solid phase-II [18] rather in solid 

phase-I. In the solid phase –I in decompression it does not come back to its initial state 

however, from solid phase-II, it comes back to initial state on decompression. In the static 

compression (slow compression), the phase transition is liquid phase to solid phase-I and in 

dynamic compression (fast compression), it is liquid phase to solid phase-II. In the solid 

phase the crystal structure is P21/n(C2h
5
) with 6 molecule / unit cell [30]. This was verified 

with the time-resolved measurements discussed in the next section. It is observed that once 

the shock wave has completely crossed the sample, all of the Raman modes slowly return to 

their normal unshocked condition which demonstrates that this transition is of the second 

type. 
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Fig. 2. Stacked Raman spectra of Hexafluorobenzene at various dynamic pressures: 

ranging from 0.3 GPa to 4.5 GPa. Black and red coloured spectra are from unshocked and 

shocked conditions respectively. 

At a dynamic pressure of 0.9 GPa, the shocked peak of the ν10 mode starts to split 

marking the onset of the phase transition while at 2.8 GPa, the splitting can be clearly 

observed confirming the phase transition (liquid → Phase-II) as shown in figure 3a. On 

further application of pressure, this trend continues and the separation between the two split 

peaks continues to increase. So, under shock compression, the liquid → Phase-II phase 

transition starts at 0.9 GPa and the complete phase transition occurs at 2.8 GPa which is close 

to the static compression (0.8 GPa) data. On further increase of the shock pressure up to 4.5 
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GPa, the sample remains in the phase –II. Simulation results, at various laser energies, for a 

fixed delay of 52 ns have also been shown in figure 3b side-by-side for comparative study.  

 

 

Fig 3a. The Lorentzian fit of shocked ν10 mode at different pressures; b. Pressure profile at 

different laser energies at a delay of 52 ns relative to the start of the pump pulse. 

The other two modes were also studied in detail and the maximum blue shifts 

obtained in ν6 mode and ν1 mode were 7 cm
-1 

and 12 cm
-1 

respectively (at 4.5 GPa) thereby 

exhibiting a blue-shift rate of 1.55 cm
-1 

/ GPa and 2.67cm
-1 

/ GPa (on average) respectively. 

Under laser-driven shock compression, the observed shifts/ pressure are relatively less in 

comparison to data available in studies under static compression [30]. Variation of Raman 

shift for all three modes under shock compression and static compression has been shown in 

figure 4. Experiments were repeated multiple times to eliminate any experimental errors or 

uncertainties that might have crept in the first time due to the complexity of these 

experiments and the results obtained were similar every time. Hence, it can be confidently 

stated that in the case of Hexafluorobenzene, laser-driven shock compression yields relatively 
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less blue shifts in all the three studied Raman active modes in comparison to static 

compression. This is due to the fact that the laser-driven shock compression is a Hugoniot 

associated with the high temperatures, whereas static compression is isothermal. 

 

Fig. 4. Comparison of Raman shift obtained under shock and static compression (Solid 

lines are a linear fit to the shock compression data; dotted lines are a linear fit to the static 

compression data from ref [30]) in ν1, ν6, and ν10 modes.  

 

Gruneisen parameter calculations 

A Gruneisen parameter is a non-dimensional quantity that describes the effect of pressure or 

change in volume on the vibrational properties of materials. It has been shown that mode 

Gruneisen parameters are inter-related with bond anharmonicity [29]. The mode Gruneisen 

parameter γi, for the i
th

 vi rational mode of a crystal with frequency νi, is given by  
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     (    ) (   )          …(2) 

On integrating this equation, we get 

  ( )  ( )  { ( ) ( )}          …(3) 

Taking the natural log on both sides, we get   {  ( )  ( )}      { ( ) ( )}      { ( ) ( )}     … (4) 

Where    is mode Gruneisen parameter, V(0) and V(P) are the volumes of bulk solid at 

atmospheric pressure and at an applied pressure P.   ( )       ( ) are the vibrational wave 

number at atmospheric and applied pressure P. Clearly, the slope of the log-log plot of 

relative frequency shift versus relative volume change (or relative density change) for a 

vibrational mode gives us the Gruneisen parameter for that mode.  For all the three Raman 

active modes that we studied,   ( ) was obtained experimentally while the relative density 

ratio was obtained from simulations. Relative frequency change vs. relative density change 

under shock compression for the three modes has been shown in figure 5. The values of the 

slopes i.e., the Gruneisen parameters corresponding to the ν10, ν6, and ν1 modes are 0.0095 

±0.0140, 0.0433 ± 0.0060, and 0.0561 ± 0.0044 respectively.  
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Fig. 5. Log-log plot of relative frequency change vs. relative density change under shock 

compression for the three modes (ν10, ν6, and ν1). 

 

Raman studies with increasing time delay and determination of shock velocities 

To understand the propagation of shock waves into the sample, we have analysed time-

resolved data for all modes, however, for the sake of brevity of the manuscript, detailed time 

delay analysis of only ν1 mode at two different laser energies, 300 mJ (~1.43 GPa) and 500 

mJ (~2.58 GPa), is presented here, as shown in Figures 6 and 7 respectively. The time delay 

between pump and probe is varied from 10 ns to 101 ns. Experimental results are presented in 
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figure 6a and 7a whereas simulation results are shown in figure 6b and 7b for comparative 

studies. 

 

Fig 6a. Lorentzian fit of shocked ν1 (560 cm
-1

) mode for different delay times; b. The 

spatial profile of shock waves at different delay times for laser energy of 300 mJ was 

obtained from 1-D radiation-hydrodynamics simulations. 

 

 The red and green curves represent contributions from unshocked and shocked 

regions respectively while the blue curve is the cumulative peak of the two. The dotted curve 

represents the experimental data. At a delay of 10 ns, it can be seen that there is no 

broadening observed in the Raman mode. This means the shock wave has not entered in the 

C6F6 yet and the same can be seen from the simulation results that the shock wave is still in 

aluminium. At 17 ns, a small green peak at a higher frequency indicates that the shock wave 

has entered into the sample and travelled a very small distance. The same can be seen from 

the simulation result at the same delay (18 ns). As the delay is increased, the shock wave 

travels deeper into the sample, and hence more regions of the sample experience high 
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pressure. Since the experimental spectra are made up of contributions from both shocked and 

unshocked regions, the contribution of the shocked region increases with delay due to the fact 

that the shock has propagated further into the sample. So, we see the area under the green 

peak increasing as the delay is increased. Here, we also observe that the shocked Raman peak 

is shifting slightly towards the lower frequency side with increasing delay, which would not 

be the case if the shock wave retained its original strength as it traversed the medium. To 

better understand our results, we carefully analysed the simulation output. In the simulation 

results as well, it was observed that, as time progresses, the shock wave amplitude reduces. 

This reduction in peak pressure is expected given that the laser is no longer driving the shock 

at these late times, so it is expected to decay in strength as it propagates. Hence, although, the 

area under the green (shocked) peak increases with delay, overall, we see a slight redshift in 

the green peak. Between 73 ns and 87 ns delay, the shock wave reaches the far end of the 

sample and gets reflected from the interface with slightly higher pressure (because of the 

higher impedance of glass compared to C6F6). It can also be seen from the simulation results 

that at 80 ns, the shock wave has completely traversed the length of the sample, and on 

increasing the delay even further it gets reflected from the interface at a higher pressure. 

However, the reflected shock wave is quickly decaying because it catches up with the 

rarefaction wave of the incident shock wave as well. So, at 87 ns, we see a brown peak 

appearing at a higher wavenumber because of the reflected shock wave along with an orange 

peak which corresponds to the material which has only been traversed by the forward going 

shock. As the delay is increased to 101 ns, both of the peaks show a redshift because of a 

decrease in pressure, and the overall area covered by the brown peak has increased because 

the reflected shock wave has travelled deeper into the sample. Similarly, Fig. 7a and Fig. 7b 

show experimental time-resolved measurements and simulation results respectively for a 

laser energy of 500 mJ. The different colour peaks have the same meaning as explained 

earlier. From experimental results, it appears that with a laser energy of 500 mJ, the shock 

wave crossover time is somewhere between 59 ns and 66 ns. This is concluded by 

considering the fact that at a delay of 59 ns no other extra peak is observed at a higher 

frequency, however, at a delay of 66 ns, one small peak emerges at the higher frequency side 

indicating that the shock wave has already been reflected from the sample-glass interface 

with higher pressure (again, because of impedance mismatch). The exact time at which the 

shock wave reaches to interface could not be measured as in our case the minimum time 

delay step is 7 ns restricted by the round-trip time of the probe beam between the two parallel 

mirrors used for generating the delay. In the simulation, time steps of 2.5 ns have been taken 
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and it can be seen that the shock wave reached the interface at 62 ns which matches very well 

with the experimental observation. Afterward, the reflected shock wave increases the 

pressure even further which results in the appearance of a new brown peak at a higher 

wavenumber along with an orange peak due to the previously shocked region. On increasing 

the time delay even further, both of these peaks exhibit redshift, as explained earlier. 

 

 

 

Fig 7a. Lorentzian fit of shocked ν1 (560 cm
-1

) mode for different delay times, b. The 

spatial profile of the shock waves at different delay times for laser energy of 500 mJ was 

obtained from one-dimensional radiation-hydrodynamics simulations. 

 

The shock velocity is experimentally calculated by using the equation Us = r.x where x is the 

sample thickness (200 µm) and r is the slope of the intensity ratio          (                   )⁄   Vs time delay plot as shown in figure 8. These intensity 

ratios are obtained from the curve fitting of the experimental data (See Figures 6a & 7a). To 
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verify, shock velocities are also calculated using simulation data by plotting the fraction of 

the volume of the sample traversed by the shock wave as a function of a time delay. This is 

also presented in figure 8 along with the experimental data. At laser energies of 300 mJ and 

500 mJ, the values of ‘r’ come out to be 0.01272 and 0.01825 and the corresponding shock 

velocities are 2.54 km/s and 3.65 km/s respectively which are in close agreement with the 

simulation results of 2.98 km/s and 3.84 km/s respectively at the same laser energies. 

 

Fig. 8. The slope of the graph from the experimental and simulations data represent the 

shock wave velocities at laser energies of 300 mJ and 500 mJ respectively. 

 

Conclusion: 

In this study, we have presented the findings of Raman studies on Hexafluorobenzene when 

subjected to laser shock compression up to 4.5 GPa. In total, three Raman active modes were 

investigated: 370 cm
-1 

(ν10 mode), 445 cm
-1

 (ν6 mode) and 560 cm
-1

 (ν1 mode) in the dynamic 

pressure range of 0.3 GPa to 4.5 GPa. Of the three modes, the symmetric stretching mode ν1 

is the most intense one and shows a blue shift of about 2.67 cm
-1 

/ GPa while the ν6 mode 
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shows the least blue shift out of the three. A signature of the liquid → Phase-II phase 

transition was observed at about 0.9 GPa and completed by 2.8 GPa. The shock velocities 

deduced from the experimental data using Time-resolved measurements for the laser 

energies: 300 mJ (1.43 GPa) and 500 mJ (2.58 GPa) are 2.54 km / s and 3.65 km / s 

respectively which are in close agreement with shock velocities obtained from 1-D radiation-

hydrodynamics simulations for the same laser energies which are 298 km /s and 3.84 km /s 

respectively. The Gruneisen parameters corresponding to the ν10, ν6, and ν1 modes are 

calculated as 0.00950 ±0.0140, 0.0433 ± 0.0060, and 0.0561 ± 0.0044 respectively 
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