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1. XRD experimental geometry and charge order peaks in ScV6Sn6 and FeGe  26 

Kagome lattice system ScV6Sn6 and FeGe belong to the same hexagonal P6/mmm space 27 

group, while their charge order peaks appear along different in-plane reciprocal space directions. 28 

Charge order peaks in ScV6Sn6 appear along [110] direction (parallel to the nearest-neighbor bonds 29 

in the kagome plane, Fig. S1a), while those in FeGe appear along [100] direction (parallel to the 30 

next nearest neighbor bonds, Fig. S1b). In the case of ScV6Sn6, the charge ordering reduces the 31 

space group symmetry to R3m, resulting in forbidden reflections, for examples (1/3, 1/3, 0) (see 32 

Fig. S1a). Accordingly, all charge order peaks in ScV6Sn6 can be indexed as (n±1/3, m±1/3, l±1/3) 33 

and are symmetry equivalent. In contrast, FeGe features three inequivalent charge order peaks, i.e. 34 

(n±1/2, m, l), (n, m, l±1/2), and (n, m, l±1/2). We thus separately investigated the dynamics of all 35 

three symmetry inequivalent charge order peaks in FeGe, as shown in Fig. 2f,g and Supplementary 36 

Fig. S3. 37 

We further illustrate our Tr-XRD experimental geometry in Fig. S1c. In the SSS beamline 38 

of PAL-XFEL, XFEL beam arrives at the sample with linear horizontal (LH) polarization (i.e. 39 

polarization parallel to the scattering plane). Infrared pump laser pulse with variable polarization 40 

reaches the sample nearly collinear to the X-ray (Fig. S1c). In the Supplementary Table S1, we 41 

summarized the photon energies and detailed scattering geometry used to investigate (1/3, 1/3, 2/3) 42 

peak of ScV6Sn6 and (1/2, 0, 1), (0, 0, 1/2), and (1/2, 0, 1/2) peaks in FeGe.  43 



2. Estimation of the pump and probe penetration depth. 44 

Mismatch between the optical pump and X-ray probe penetration depth is a well-known 45 

issue in Tr-XRD experiments, and their estimation is critical for the quantitative understanding of 46 

the order parameter dynamics. 47 

We first discuss the estimation of soft X-ray penetration depth based on the atomic form 48 

factor and density of materials. Assuming the normal incidence, the estimated X-ray penetration 49 

depth is » 140 nm at 900 eV for ScV6Sn6 and » 380 nm at 1720 eV for FeGe. 50 

Second, we estimated the optical penetration depth of ScV6Sn6 and FeGe based on the 51 

reflectivity measurements. Specifically, we applied Kramers-Kronig conversion to the reflectivity 52 

data to reconstruct complex refractive index	 𝑛 + 𝑖𝜅 , from which we estimate absorption 53 

coefficient and penetration depth as 𝛼(𝜔) = 4𝜋𝜔𝜅(𝜔) and 𝑑(𝜔) = 2/𝛼(𝜔), respectively. We 54 

used the experimental optical reflectivity data from Ref.1,2 for ScV6Sn6, FeGe, respectively. The 55 

obtained optical coefficients are shown in the Supplementary Fig. S4. From this, we estimated the 56 

penetration depth at 1.55 eV to be » 60 nm for ScV6Sn6 and » 40 nm for FeGe.  57 



3. Estimation of increase in electronic and lattice temperature 58 

Laser-induced heating is another factor to consider in pump-probe experiments. For the 59 

quantitative estimation of the pump-induced heating in our experiments, we considered a two-60 

temperature model, which assigns two separate temperatures (𝑇! and 𝑇") to the electronic and 61 

lattice subsystems. Upon the arrival of laser pulse, the pump energy is first absorbed in the 62 

electronic subsystem within » 10~100 fs, and then subsequently transferred to the lattice subsystem 63 

within » 1 ps~1 ns. 64 

To estimate the initial increase of the electronic temperature 𝛥𝑇!, we first calculate the 65 

electronic specific heat 𝐶! using 66 

𝐶! = 	𝛾𝑇, 𝛾 = 𝜋#𝑘$#𝐷(𝐸%)/3 67 

where 𝛾 is the Sommerfeld coefficient and 𝐷(𝐸%) is a density of states at the Fermi level. We 68 

estimated 𝐷(𝐸%) from DFT, obtaining 4.1 states/f.u./eV for ScV6Sn6 and 9.0 states/f.u./eV for 69 

FeGe, respectively. Then the laser-induced increase in electronic temperature ∆𝑇! 	 can be 70 

estimated using 71 

(1 − 𝑅)	𝑓𝑙 = 𝛿𝜌A 𝐶!(𝑇)𝑑𝑇
&!'(&"

&!
, 72 

where 𝑅 is the reflectivity (» 0.45), 𝑓𝑙 is the laser fluence, 𝛿 is penetration depth (» 60 nm for 73 

ScV6Sn6 and » 40 nm for FeGe), 𝜌 is mass density (7.44 g/cm3 for ScV6Sn6 and 7.35 g/cm3 for 74 

FeGe), and 𝑇)  is the pre-pump temperature (» 30 K). The calculated increase of electronic 75 

temperature as a function of pump fluence is summarized in Supplementary Fig. S5a. In both 76 

ScV6Sn6 and FeGe, the electronic temperature dramatically increases to over 1000 K under 2 77 

mJ/cm2 fluence, indicating highly nonthermal/nonequilibrium regime accessed in our pump-probe 78 

experiments. 79 

We then consider the transfer of heat from the electronic to lattice subsystems to estimate 80 

the transient increase of lattice temperature. Specifically, we used the two-temperature model: 81 

𝛾𝑇!
*&"
*+
= −𝑔(𝑇! − 𝑇") + 𝑃(𝑡),   𝐶"

*&#
*+
= 𝑔(𝑇! − 𝑇"), 82 

where 𝑔  is the coupling constant between electronic and lattice subsystems, 𝑃(𝑡)  is the 83 

absorbed laser power near time zero, and 𝐶"  is the heat capacity of lattice. These coupled 84 

differential equations lead to the exponential decay (increase) of electron (lattice) temperature, 85 

until the entire system to be thermalize to a new equilibrium temperature (see Fig. S5b). Using the 86 



heat capacities measured from previous studies,3,4 we estimated the increase of lattice temperature 87 

in ScV6Sn6 and FeGe as a function of pump fluence as shown in Fig. S5c. We note that other 88 

factors, such as diffusion of heat to outside the probe volume, is missing in the current model, and 89 

the estimated Δ𝑇" should be considered as the upper bound.  90 



4. Time-resolved reflectivity measurements on FeGe 91 

One way to obtain deeper insights into the complex dynamical pathways of driven quantum 92 

materials is combining multiple time-resolved techniques. In addition to time-resolved X-ray diffraction, 93 

we also conducted time-resolved reflectivity (Tr-R) measurements on FeGe to understand the response of 94 

the electronic bath upon ultrafast photoexcitation. 95 

Supplementary Fig. S6 summarizes our Tr-R data on FeGe, measured at two different wavelengths: 96 

1100 nm (Fig. S6a,c) and 650 nm (Fig. S6b,d). The responses at 1100 nm and 650 nm were markedly 97 

different, exhibiting an ultrafast transient increase and decrease in reflectivity upon photoexcitation, 98 

respectively, while on the picosecond timescale, the reflectivity transient is positive at both wavelengths. 99 

Based on recent optical spectroscopy measurements on FeGe,1 we interpret this result as different types of 100 

interband transitions probed at 1100 nm and 650 nm wavelengths. To obtain relevant timescales, we fit the 101 

Tr-R traces with a function containing two exponential relaxations: 102 

∆𝑅
𝑅
=
1
2
&1 + erf +

𝑡 − 𝑡!
𝑡"2√ln 2

12 × 3𝐴	𝑒−
𝑡−𝑡0
𝑡𝑟1 + 𝐵	𝑒−

𝑡−𝑡0
𝑡𝑟2 + 𝐶8, 103 

where 𝑡! is time zero, 𝑡" is a rise time, and 𝑡#$ and 𝑡#% are time constants for fast and slow recoveries, 104 

respectively. 105 

Several features are particularly noteworthy in our Tr-R data: 1) In both the 1100 nm and 650 nm 106 

data, we observed an ultrafast change of reflectivity with timescales 𝑡&  » 80 fs, confirming that the 107 

electronic bath in FeGe is significantly perturbed by photoexcitation on the ultrafast timescale. Comparing 108 

these Tr-R results with Tr-XRD in Fig. 2f,g thus confirms our scenario that charge order in FeGe remains 109 

remarkably resilient upon photoexcitation, despite the transient ultrafast increase of electronic temperature. 110 

2) Coherent phonon/amplitudon oscillation (which is more-or-less universally observed in Tr-R 111 

measurements of charge-ordered systems) is completely absent in the Tr-R traces of FeGe. This is again 112 

consistent with the absence of change in the charge order order parameter in FeGe upon photoexcitation 113 

(see Fig. 3f). 3) Finally, we did not observe a noticeable change in Tr-R as a function of fluence (Fig. S6a,b) 114 

and temperature (Fig. S6c,d). In particular, the marginal change of Tr-R across TCO is in stark contrast to 115 

the cases of ScV6Sn6 (Ref.5) and CsV3Sb5 (Ref.6), further supporting the distinct nature of charge order 116 

transitions in different kagome lattice compounds.   117 



5. Simulation of order parameter dynamics using first-principle free energies 118 

We simulate the order parameter dynamics on ScV6Sn6 and FeGe using following Euler-119 

Lagrange equation of motion for the order parameter 𝜓: 120 

𝑑𝜓#

𝑑#𝑡 = −2
1
𝛾
𝑑𝜓
𝑑𝑡 −

1
𝑚!,,

𝑑𝐹I𝜓, 𝑇!(𝑡)J
𝑑𝜓 , 121 

where 𝛾 is the phenomenological damping constant, 𝑚!,, is the effective mass of the system, 122 

and 𝐹(𝜓, 𝑇!) is the free energy functional. We used a weight-averaged mean square distortion 123 

and total mass in the unit cell, 124 

𝜓 = K
∑𝑚-𝜓-#

∑𝑚-
, 𝑚!,, =M𝑚- , 125 

as the order parameter and effective mass. The free energy profile 𝐹(𝜓, 𝑇!) is obtained using DFT 126 

(Fig. 3e,f). The DFT calculations provide 𝐹(𝜓, 𝑇!) for discrete values of 𝜓 and 𝑇 as shown in 127 

Supplementary Fig. S7a,b. We converted this to the analytic form by fitting 𝐹(𝜓, 𝑇!) with a 128 

generic polynomial involving two variables 𝑇! and 𝜓: 129 

𝐹,-+(𝜓, 𝑇!) = 𝑎#𝜓# + 𝑎.𝜓. + 𝑎/𝜓/ + 𝑎0𝜓0 130 

+𝑏1𝑇! + 𝑏#𝑇!# 131 

+𝑐#1𝜓#𝑇! + 𝑐##𝜓#𝑇!# + 𝑐.1𝜓.𝑇! + 𝑐.#𝜓.𝑇!# + 𝑐/1𝜓/𝑇! + 𝑐/#𝜓/𝑇!# + 𝑐. 132 

The fitting results for ScV6Sn6 and FeGe are shown in Supplementary Fig. S7c,d, respectively, 133 

closely capturing all salient features of	 𝐹(𝜓, 𝑇!). Including additional terms in the polynomial did 134 

not noticeably improve the quality of the fit. The effect of pump-pulse at time-zero is considered 135 

as a time-dependent electron temperature 136 

𝑇!(𝑡) = 𝑇) +
1
2𝑓𝑙 R1 + erf V

𝑡
√2𝑡2-3!

XYV𝑒
4 +
+&"'() + 𝐶′X, 137 

where 𝑇) is the base temperature, 𝑓𝑙 is the pump fluence, 𝑡2-3! and 𝑡*!567 represent the rise 138 

and decay timescales of electron temperature, and 𝐶′ is the thermal offset after the pump. With 139 

these inputs, the Euler-Lagrange equation was numerically solved using a standard differential 140 

equations solver. The order parameter values at the equilibrium, defined by *%
*+,(9,&!)
*9

= 0, were 141 

used as the initial condition. 142 

The main components of our simulation, i.e. the pump-induced change of the electronic 143 

temperature 𝑇!(𝑡) , time-dependent variation of free energy landscape 𝐹(𝜓, 𝑇!(𝑡)) , and the 144 



resultant temporal evolution of order parameter 𝜓(𝑡) are displayed in Supplementary Fig. S8. As 145 

shown in Fig. S8b,e, the order parameter lies at the minimum of free energy at the negative time 146 

delay. At time zero, the arrival of pump pulse transiently increases the electron temperature 𝑇! 147 

and modifies the potential landscape 𝐹(𝜓, 𝑇!(𝑡)). In the case of ScV6Sn6, the potential minimum 148 

is changed to a new position (Fig. S8b), triggering the ultrafast decay of order parameter and 149 

coherent amplitude mode oscillation with respect to the new minima (Fig. S8c). In particular, the 150 

calculated amplitude mode frequency 1.5 THz closely reproduces the observed coherent 151 

oscillation in our Tr-XRD experiments. In contrast, the minimum position of 𝐹(𝜓, 𝑇!(𝑡)) of  152 

FeGe barely changes by the pump pulse (Fig. S8e), and order parameter remains nearly constant 153 

across all time delay (change is less than 0.2 % in our simulation, see Fig. S8f). Overall, the 154 

simulated order parameter dynamics in the Supplementary Fig. S8c,f closely capture the 155 

experimental Tr-XRD results (Fig. 2), confirming that the dynamics observed in ScV6Sn6 and 156 

FeGe directly reflects the respective free energy landscapes underlying the charge order transitions.  157 



6. Simulation of Debye-Waller effect with increasing lattice temperature in FeGe 158 

Instead of ultrafast melting, our experiments on FeGe showed much gradual decrease of 159 

peak intensity in » 30 ps timescale. This effect is not captured within the above simulation of order 160 

parameter dynamics, but reflects the transient increase of lattice temperature and associated change 161 

in Debye-Waller factors. 162 

We simulate the transient evolution of Debye-Waller factors as following. First, we note 163 

that the intensity of diffraction peak is related to the mean-square of atomic displacements 164 

〈𝑢#〉	induced by thermal vibration as  165 

𝐼<=" ∝ |𝐹|#𝐼) c
𝑺
𝜆f exp V−

4𝜋#〈𝑢#〉
𝑑<="

X, 166 

where 𝐶  is constant, 𝐹  is structure factor, 𝐼)(𝑺/𝜆)  is Laue interference function, 𝑺  is 167 

diffraction vector, 𝜆 is wavelength of X-ray, and 𝑑<=" is the interplanar distance between (hkl) 168 

planes.7 The term related to 〈𝑢#〉, exp i− .>-

?
〈𝑢#〉/𝑑<=" 	j, is known as the Debye-Waller factor 169 

and governs the temperature-dependent change in diffraction intensity. We assume high-170 

temperature limit, where 〈𝑢#〉 to be proportional to 𝑇".7 Within the two-temperature model, the 171 

lattice temperature changes with time as 172 

𝑇"(𝑡) = 𝑇) + ∆𝑇 ∙
1
2 R1 + erf V

𝑡
√2𝑡2-3!

XY ∙ c1 − 𝑒4
+

+,."/0f, 173 

where 𝑡+<!2@ represents the timescale for lattice thermalization. Fig. 3h displays the calculated 174 

thermal contribution to 𝐼(𝑡) in FeGe. Overall trend is consistent with our Tr-XRD results in Fig. 175 

2f, further supporting that the dynamics of FeGe is governed by the thermal effect instead of the 176 

ultrafast order parameter change.  177 



 

Supplementary Figure S1 | Charge order peaks in kagome metals and Tr-XRD experimental 178 

geometry. a,b, Schematics of charge order reflections in ScV6Sn6 and FeGe in real- and momentum-spaces. 179 

c, Experimental geometry of Tr-XRD experiment at the SSS beamline of PAL-XFEL.  180 



 

Supplementary Fig. S2 | Fitting parameters for order parameter dynamics in ScV6Sn6. The fitting 181 

function is composed of a single damped oscillation superimposed on a single exponential recovery, as 182 

discussed in the Main text. a-c, Melting timescale tm, melting magnitude A, and recovery timescale tr as a 183 

function of pump fluence, respectively. Two distinct regimes of charge order dynamics are evident in the 184 

fluence dependence of melting timescale tm. In the low fluence regime (fl = 0.07 ~ 0.21 mJ/cm2), tm increases 185 

with fluence whereas in the high fluence regime (fl = 0.44 ~ 1.12 mJ/cm2), the trend becomes opposite. This 186 

nonmonotonic evolution of the order parameter timescale is commonly observed in ultrafast experiments, 187 

reflecting slowing down of dynamics near the critical melting of charge order (see schematics in d). This 188 

behavior of tm thus evidences the complete suppression of charge order above flc » 0.44 mJ/cm2. Accordingly, 189 

the melting magnitude A exhibits saturation above flc. e-h, Fitting parameters related to the oscillatory 190 

component, i.e. the oscillation amplitude B, frequency f, degree of damping 1/td, and phase f, respectively. 191 

Note that the coherent oscillation is observed only in the low-fluence regime. Both the oscillation amplitude 192 

B and the degree of damping 1/td increase with pump fluence (e,f). The oscillation frequency f tends to 193 

decrease with increasing fluence (g), consistent with the trend observed with temperature (however, 194 

changes remain within the error bars of our analysis). Lastly, the oscillation exhibits cosine-like phase 195 

relation (f » 0) with respect to time zero (h) as expected from the amplitude mode coherently excited by 196 

the DECP mechanism.8  197 



 

Supplementary Figure S3 | Charge order dynamics in FeGe across different peak indices. FeGe 198 

exhibits three symmetry-inequivalent charge order peaks below TCO, each indexed by (n±1/2, m, l), (n, m, 199 

l±1/2), and (n, m, l±1/2). We therefore investigated the temporal evolution of all three types of charge order 200 

peaks separately. Panels a and b show the dynamics of (1/2, 0, 1), (0, 0, 1/2), and (1/2, 0, 1/2) peaks 201 

measured at 65 K using p-polarized 2 mJ/cm2 pump pulses. Curves are shifted vertically for clarity. The 202 

resilient metastable behavior is consistently observed independent of peak indices (a). Over longer 203 

timescales, all charge order peaks display a gradual decrease of intensity, reflecting lattice thermalization 204 

(b).  205 



 

Supplementary Figure S4 | Estimation of optical coefficients in kagome metals. a,e, Experimental 206 

reflectivity of ScV6Sn6 and FeGe reproduced from Ref.1,2 respectively. b,f(c,g), Corresponding real 207 

(imaginary) part of refractive index. d,h, Corresponding optical penetration depth obtained from the 208 

imaginary part of the refractive index.  209 



 

Supplementary Figure S5 | Estimation of pump-induced increase in electronic and lattice 210 

temperature. a,c, Increase in electronic and lattice temperature in ScV6Sn6 and FeGe as a function of pump 211 

fluence. b, Two-temperature model describing the initial increase in electronic temperature followed by 212 

heat transfer to the lattice subsystems till reaching quasi-equilibrium temperature.  213 



 214 

Supplementary Figure S6 | Time-resolved optical reflectivity in FeGe. a,b, Fluence-dependence of Tr-215 

R measured with 1100 nm and 650 nm photons, respectively. c,d, Temperature-dependence of Tr-R 216 

measured with 1100 nm and 650 nm photons, respectively. Overlaid solid lines in c,d represent fits to a 217 

double-exponential relaxation function described in Supplementary Section 4. Obtained fitting constants 218 

are (𝑡", 𝑡#$, 𝑡#%) = (77 fs, 213 fs, 31 ps) for 1100 nm probe at 20 K, (𝑡", 𝑡#$, 𝑡#%) = (84 fs, 270 fs, 118 219 

ps) for 1100 nm probe at 120 K, (𝑡", 𝑡#$, 𝑡#%) = (76 fs, 175 fs, 1.6 ps) for 650 nm probe at 20 K, and (𝑡", 220 

𝑡#$, 𝑡#%) = (80 fs, 187 fs, 2.9 ps) for 650 nm probe at 120 K. 221 



 
Supplementary Figure S7 | First-principle free energies in ScV6Sn6 and FeGe. a(c), Electron 222 

temperature-dependent free energies 𝐹(𝜓, 𝑇') of ScV6Sn6 (FeGe) obtained from density functional theory 223 

calculations for discrete values of 𝜓 and 𝑇'. b(d), Fitting of 𝐹(𝜓, 𝑇') to bivariate polynomial to obtain 224 

analytic form 𝐹()*(𝜓, 𝑇').  225 



 
Supplementary Figure S8 | Simulation of order parameter dynamics in ScV6Sn6 and FeGe. a-c, pump-226 

induced change of the electronic temperature 𝑇'(𝑡), time-dependent variation of free energy landscape 227 

𝐹(𝜓, 𝑇'(𝑡)), and temporal evolution of order parameter 𝜓(𝑡) of ScV6Sn6. d-f, Corresponding 𝑇'(𝑡), 228 

𝐹(𝜓, 𝑇'(𝑡)), and 𝜓(𝑡) for FeGe. 229 



 

Supplementary Fig. S9 | Evolution of free energy profiles as a function of electron temperature in 230 

ScV6Sn6 (a) and FeGe (b). In Fig. 3e,f, only the potential profiles for positive distortion are shown for 231 

simplicity.  232 



 ScV6Sn6 FeGe FeSn 

Peak (r.l.u.) (1/3, 1/3, 2/3) (1/2, 0, 1) (0, 0, 1/2) (1/2, 0, 1/2) (0, 0, 1/2) 

Photon energy (eV) 900 1720 1720 1100 722 

2q (°) 155.87 159.64 52.93 145.44 149.38 

q (°) 18.74 54.72 26.47 29.59 74.69 

 

Supplementary Table S1 | Kinematic information of charge order and magnetic peaks in ScV6Sn6, FeGe, 233 

and FeSn.  234 



Materials Tm Techniques Type of peaks 

1T-TiSe2 200 fs UED (Ref.9) Charge order Q = (0.5, 0.5, L) 

Cr 220 fs Tr-XRD (Ref.10) Charge order Q = (0, 0, 2d) 

YBa2Cu3O7-x < 200 fs Tr-RXS (Ref.11) Charge order Q = (0, 0, 2d) 

K0.3MoO3 100 fs Tr-XRD (Ref.12) Charge order Q = (1, 0.748, 0.5) 

TbTe3 < 400 fs Tr-RXS (Ref.13) Charge order Q = (0, 0, 0.71) 

(TaSe4)2I < 2ps Tr-XRD (Ref.14) Charge order Q = (0.055, 0.055, 0.112) 

La1.75Sr0.25NiO4 300 fs Tr-RXS (Ref.15) Stripe order Q = (0.554, 0, 1) 

La2-xBaxCuO4 < 200 fs Tr-RIXS (Ref.16) Stripe order Q = (0.23, 0, 1.5) 

VO2 310 fs UED (Ref.17) Dimerization Q = (3, 0, –2) 

EuTe4 600 fs Tr-XRD (Ref.) Charge order Q = (0, 0.644, 0) 

LaTe3 < 450 fs UED (Ref.18) Charge order Q = (0, 0, 0.294) 

1T-TaS2 < 500 fs UED (Ref.19) √13 × √13 Charge order 

Pr0.5Ca0.5MnO3 100 fs Tr-RXS (Ref.20) Charge order Q = (0, –3, 0) 

EuTiO3 < 200 fs Tr-XRD (Ref.21) 
Antiferrodistortive rotation peak 

Q = (0.5, 0.5, 0.5) 

PbS quantum dot 200 fs UED (Ref.22) 
Peak in the symmetry-broken phase 

Q = (2 1 1) 

La1.65Eu0.2Sr0.15CuO4 < 200 fs Tr-RXS (Ref.23) Charge order Q = (0.26 0 1.74) 

1T-TaSeTe < 300 fs UED (Ref.24) Charge order Q = (1 1 0)1 

VTe2 < 300 fs Tr-XRD (Ref.25) Charge order Q = (1/3 0 1/3) 

SmTe3 300 fs Tr-XRD (Ref.26) Charge order Q = (0, 0, 0.294) 

Fe3O4 700 fs UED (Ref.27) Verwey transition Q = (0, 0, 1/2) 

MnAs 400 fs Tr-XRD (Ref.28) Orthorhombic distortion peak Q = (3 0 7) 

CsV3Sb5 200 fs Tr-XRD (Ref.29) Charge order Q = (0.5, 0, 0.5) 

 

Supplementary Table S2 | Catalogue of dynamics in charge-, stripe-, or structurally ordered materials. 235 

To avoid ambiguity, we only include cases where the dynamics of charge order peak is directly measured 236 

by diffraction, either by ultrafast electron diffraction or by time-resolved X-ray scattering.  237 
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