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Dif f using-wave Spectroscopy of D\rnamirrc in a thick (Fig. 1 ) .  Video and DWS ~neasure- 

Three-Dimensional Granular rlow 

Narayanan Menon and Douglas J. Durian 

Diffusing-wave spectroscopy was used to measure the microscopic dynamics of grains 
in the interior of a three-dimensional flow of sand. The correlation functions show that 
minutely separated grains fly from collision to collision with large random velocities. On 
a time scale 1 O3 to 1 O4 times longer than the average time between collisions, the grains 
displayed slow, collective rearrangements, which, at the long-time limit, produced dif- 
fusive dynamics. 

S a n d  dunes, grain silos, hourglasses, cata- 
lytic beds, filtration torvers, river he&, ice 
fields, and iuany foods and building mate- 
ri a 1- s , ale . granular systems (1 ) .  They consist 
of large numbers of randomly arranged, dis- 
tinct, macroscopic grains that are too large 
to he moved bv thermal e n e r ~ i e s  hut can be 
iiriven into flow by externalLforces. W e  do 
not have a n  ~~nders t and ine  of the  fluid state 
of a granular medium analogous to that for 
the  macroscopic flow properties of a licluid. 
In  a series of seminal papers, Bagnold (2)  
made the first efforts toward creating a phe- 
iloluenoloeical "fluid mechanics" for sand. 
identitymg inertia of the grains and their 
collisions as sienificant elements in  the dy- 
nainics. Since then there has been consid- 
erable theoretical effort (3) in fo rm~~la t ing  a 
continuum descriution of ~ r a n u l a r  flows 
based o n  the  kinetic theory of dense gases. 
Hoxvever, in contrast to molec~llar fluids. 
kinetic energy in grain flows is irreversibly 
lost in the  inelastic collisions of the grains. 
A f~lrther comalication is that the scale of 
velocity fluctuations in  the  material (re- 
ferred to as the "granular temperature") is 
~lonthermal  and has been difficult t o  mea- 
sure, especially in three-dimensional (3D) 
f1on.s (4). Also, recent computer simula- 
tions and theoretical work (5) shon. that 1D 
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and 2D inelastic systems spontaneo~~sly  
form inhorno~ene i t~es  that rxxentiallv re- 
strict the  applicability of hydrodynamic ap- 
proaches to  grain floxv. 

W e  used diff~~sing-xave spectroscopy 
( D W S )  (6)  to prohe t h  local, short-time 
d\-namics of grains in a 3 D  gravity-driven 
flow and examine the  physical hasis of hy- 
drodynamic models. DWS is a multiple- 
light-scattering technique that yields two- 
particle correlation f~inctions at time inter- 
vals greater than 10-sos and spatial separa- 
tions greater than 1 A. These capabilities 
are necessary hecause the  collisional dv- 
namics \ye studied are at tiine scales of 1QP" 
to s and lencth scales of 9.91 to 1 hm.  
Because granular materials strongly scatter 
light, earlier experiments have chiefly stud- 
ied quasi-2D flo\~-s (7)  or highly ciiluted 
flo~vs (where the  short-time dynamics are 
collisional hy construction). Experiments in 
dense flows 18-lc?) have been analyred (8, 
9 )  x i t h  the  assumptions that short-time 
dvnalnics are collisional anci that the  m a n -  
tities of interest may he inferred from long- 
time, spatially averaged motions obtained 
by direct imaging of tracer beads. 

T h e  granular material we studied con- 
sisted of dry, cohesionless, monodisperse, 
smooth, spherical glass heads ( I  1 ) 95 or 194 
uln  in diameter. T h e  flon, was eravitv-ciriv- - ,  
e n  (12)  and confined to a vertical channel 
30 cin high, 1L1 cm wide, anti Q.3 to  1 cm 

flow field el-erywhere 111 the channel \\.as 
characterized hy a single a17erage f lo~v ve- 
locity 1,. W e  varied from 9 2 3  to 3 cm/s 
hy changing the mesh sire a t  the bottom of 
the  channel. T h e  arrangement of the  heads 
in f lo~v shon,ed n o  evidence of density in- 
homogeneities or crystalline packing. 

For D W S  measurements, we illuminated 
the  sample with an Ar- laser of 488- or 
514-11111 wavelength and 3-mm beam waist. 
Incidellt photons were in~iltiply scattereci hy 
the dass  beads, performed random walks 
through the sample, and interfered, produc- 
ing a speckled pattern. Grain motions 
caused this pattern to fluctuate, decorrelat- 
ing the intensity measured a t  the detector. 
T o  infer the deaendence of the  dvnamics of 
the  beads on time 7 from the  ai~tocorrela- 
tlon f~lnct ion g l ( ~ ) ,  \ye described photon 
transport as a randoin ~va lk  t h r o ~ ~ g h  the  
medium with a step length 1'%11d an ah- 
sorption length 1,-(~yhich \yere determineci 
hy lneasilring the  fraction of light transinit- 
ted throueh the  s a m ~ l e  as a f~lnct ion of its 
thickness). For example, the  norinallred 
electric-field a~~tocorre la t ion f~inct ion 111 

transmission (Fig. 2A) is g l ( ~ )  - exp[-(L/ 
1")) -ki ( l rZ(~))] ,  \\.here L is the sample thick- 
ness, jLr'(7)) is the mean-squared displace- 
ment of the scatterers, k is the  \ya17e vector 
of light in the  medium, and the  factor (L/ 

Laser 
beam 

Detector 
(transmission) 

Fig. 1. S ~ d e  vievbi of t he  f low and Igl l t -scatter ing 
geometry .  
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1*)2 represents the number of random steps 
of length I* in an average photon path. The 
complete solution of the photon diffusion 
eauation with boundam conditions-s~eci- 
fied by the geometry 'of the sample: the 
illuminatine beam. and the detection OD- 

tics-is weGhted by paths of all lengths aid 
includes absorption effects (6). 

In such an inversion, the curves for 
(Ar2(7)) from backscattering and transmis- 
sion coincided (Fig. 2B) even though they 
were derived from markedly different g , (~) ,  
which shows that the analysis was reliable. 
Furthermore, this result implies that the 
dvnamics of mains are uniform across the - 
thickness of the channel, because g1(7) 
samples very different distributions of pho- 
ton paths in these two scattering geome- 
tries: Photons transmitted through the sam- - 
ple were scattered by grains through the 
bulk of the sam~le. whereas ~hotons back- 
scattered from ;he sample \;ere scattered 
mainly within a few l* of the illuminated 
wall. The result in Fig. 2, B and C, demon- 
strates that the motion of sand grains at 
short times-was ballistic, that is, (A?(T)) = 
(6V)2~2, where 6V is a randomly directed 
velocity. Each grain remained in free flight 
for a mean free time T, until a collision with 
a neighboring grain randomized the direc- 
tion of the next ballistic flight. From 6V 
and 7.. we can determine the mean free 

El 

paths = ~VT,, corresponding to the average 
distance between the surfaces of neiehbor- - 
ing grains. Repeated collisions eventually 
changed the relative positions of grains. 
This movement was reflected in the slow 
increase in (Ar2(7)) at times longer than 7,. 

This interpretation of (Ar2(7)) as a single- 
particle quantity is independent of spatial 
correlations between beads because in g1 (7) 
the structure factor is weighted heavily to 
large scattering wave vectors (13). These 
features in the signal only reflect relative 
motions of beads: the effect of the averaee - 
downward drift of beads was to continuous- 
ly change the set of beads being sampled 
and contributed to the decay of g1(7) at a 
longer time scale (estimated by D/Vf = 0.1 
to 10 s, where D is the beam waist). 

The data in Fig. 2B show that the dy- 
namics of grains are dominated by collisions 
rather than sliding contacts, even in dense, 
slow flows. The average velocity fluctua- 
tions were large (6V - 0.31 cm/s) and 
comparable to the overall flow velocity (Vf - 0.32 cmls). The collisional frequency was 
high, and the interparticle separation was 
small: For the data in Fig. 2B, the average 
collision time and distance were 7, = 9 ps 
and s = 0.028 pm, respectively. Our data 
show that the dilation of sand in flow (14) , - 7  

may be tiny compared to the particle diam- 
eter d (s/d = lop4). Thus, although the bulk 
density of the sand may be almost un- 

changed by flow, the relative motions of the 
particles reflect a state of great activity. Our 
measurement establishes that there can be a 
"granular temperature" in the absence of a 
shear gradient. This result contradicts hy- 
drodynamic models (IS), which find 6V + 
0 in this geometry, except in a shear layer at 
the boundary. Our experiment, however, 
does not establish that (6V)2 has all the 
attributes of a temperature; in particular, we 
do not know if the velocity fluctuations are 
isotropic and Boltzmann-distributed. How- 
ever, because the short-time limit of 
(Ar2(7))/.r2 = (6V)' is well defined, the 
distribution at large velocities is stronger 
than a power law, which is consistent with 
a Boltzmann distribution. 

We measured the dependencies of each 
of these microscopic quant i t i edv ,  T,, 
and s-on Vf. The mean velocity fluctua- 
tion 6V was the same order of mamitude as - 
Vf for the range covered in this experiment 
(Fig. 3A). The data can be approximated by 
a power law: 6V K Vf2I3 over this range. The 
origin of this power law and its exponent 
are unknown. The mean collision time T, 

showed only a weak dependence on Vf (Fig. 
3B). The collision frequency ranged from 

Fig. 2. (A) The electric-field autocorrelation func- 
tion g , (~)  for transmission (+) and backscattering 
(0) [obtained from the intensity autocorrelation 
function using the Siegert relation (1811 for 95-pm 
sand with P/d = 7.5 and I# = 17. (B) (@(T)) 
versus T for 95-pm sand. (C) (AP(T)) versus T for 
194-pm sand. The solid lines are fits to the form 
(6V~)~/[1 + (T/T,J~], which represents ballistic mo- 
tion with a random velocity GVwithin a cage of size 
~VT,. There was subdiisive motion over several 
decades in time for T > T, that became diffusive 
(dashed line) in the long-time limit, as shown by 
video measurements (0) of single-particle d i i -  
sion in one dimension perpendicular to the flow. 

about 500 kHz (for d = 95 pm) to 10 kHz 
(for d = 194 pm). From 7, and 6V, we 
obtained s (Fig. 3C). The dilation ranged 
from 0.01 to 0.1% of the sphere diameter. 

These data (Fig. 3) are consistent with 
energy and momentum balance for typical 
values of the coefficient of restitution e for 
glass spheres. For example, even the small 
dilation in Fig. 3C is sufficient for gravity to 
~roduce the laree random velocities mea- - 
sured. However, energy and momentum 
budgets do not fully capture the dependence 
of the measured parameters on the driving 
velocity Vf. An energy balance between 
gravitational energy gained and kinetic en- 
ergy lost because of inelasticity gives (1 - 
e2)[m(6V)2/2]/~c - mgVf, where m is the 
particle mass and g is acceleration due to 
gravity. Likewise, if we assume that the ve- 
locities of neighboring grains are uncorre- 
lated and that collisions completely decor- 
relate velocity autocorrelations, we obtain 
an estimate em6V mg7,. Together, these 
give a scaling 6V a Vf, which differs from 
the experimental scaling. A treatment of 
particle motions as uncorrelated thus seems 

Fig. 3. Microscopic scales of motion versus mac- 
roscopic flow velocity V,. (A) Mean velocity fluctu- 
ation 6V versus V,. The lines are power-law fits 
(with an exponent of Y3) to the 95-pm (dashed line 
and open symbols) and 194-pm (solid line and 
filled symbols) data. (B) Mean collision time T, ver- 
sus V,. (C) Mean free path s = ~VT,, scaled to the 
particle diameter d. The lines show (6y2/2gd, the 
fraction of its own diameter a particle must fall 
under the influence of gravity to attain a speed 6V. 
The conformity of measurements in various flow 
geometries [cells with L = 0.32 cm (open 
squares), 0.625 cm (circles), and 0.92 cm (filled 
squares)] and various scattering geometries 
[transmission (squares and circles) and backscat- 
tering (diamonds)] indicates that spatial gradients 
perpendicular to the walls of the channel were 
small enough that all measured quantities are 
functions of only V, (19). 
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iinsrtdicie1-it, sugjie~tlnq tl-iat c i~ l l ec t1~e  et- 
trcts. such as \.eli)cit\- correlatiolls bt.t\veen 
particlt.. t 16) or .lo\\.lv ileca~-il-ip \-elocity 
ant~>cnrrcl,itionh, mav lie important. 

.\11 o t  the  feature? in Fly. 3 reter t o  
1notio1-i~ a t  t i ~ l ~ t . >  lehh tI-ia11 T , t~111ei 

motion. \'i.l-i~cl-i pre>nrn,il~ly correspnnils to 
gradrt,ll r e~ r r~ inge rnen t s  ot  neiqhborl~-ig 
grain, over se\-era1 orders o t  maqnitrtilt. 111 

t11nt. (Fly. 2 ,  E and C). \X1e 1 - i ~ ) ~  i > h t a ~ ~ l  
the  L1iiir~si\.t. 111nit (.LT'(T)) 7 .  t.\.eln at  t11t. 
el-iii of t he  range av,~ilable to  L>\Y-S. Llea- 
.urementy bv long-ral-ige \-iden micl-oacnp\- 
(soll;l c1rclt.s in Fig. 1C) qho~v that  re1,itlve 
i11otii)ils o t  L I L ~ C I  grai11q 111 the  <1irect1011 
tr,~nhver;t. ti, I., ( T )  <111i1 111 t he  ylal-ie i)i t he  
chal-inel n.ere d i t t~~ , l r , e  ( 1  7 ) .  T h e  time for 
rearrc~ngeil~el-it ot  ne,ireit ~-iel~l-il.ori n n i  
2.1 15 3 .  5 0  rl-i,it ~t rel,irl~-t. i11atiol-i i ?  

~ l i f t ~ t > ~ v e ,  it 1s CI co~- ise~lr~ence o t  cc~~11plex 
ci)llecti.i-e beha\-lor. H u n t  and ot11t.r~ 0 

mi)tio~-i ,r~-id lone-time i l i t t~~sion:  tclr exam- 
ple,  t he  illtiusion ccletYicii.nt o t  t he  el.ail-is 
in O L I ~  experiment \vas m~1c11 l e >  tila11 s6L'. 

T h e  I\ icit. s e p a r a t i ~ ~ n  o t  tinle scales be- 
I n re11 collisio~-i,rl i i ~  ~-iamic, and the 1011~-  

tiine iliff~~si'i~i. limit suggeqt that c i~mples  
cc~llecti\-e i l~namics  i)ccur e\.en in the  ab- 
it.nct. ot  l c ~ n g - \ \ . a \ ~ e l e i ~ ~ t l ~  c l r~ \ t e r~nq  11-iqta- 
I-ilitle> (5), reil l~ll~scent ii\.il;inlicq 111 

cl,ls>\. sys~enls such as \~ i .~ci iu?  li,luidq and 
11en.e colloiil\, i l u r  \imple riali:,iti~>n ot a 
ganu!ar tlon- ~Iccentuates the contrast he- 
t\\.een ;I ~ ~ ~ c > l e c r ~ l ~ ~ r  tlrlicl, \111ere I - I K O L I ~  loss 
C I C C L I S ~  1 1 1 1 1 ~  ill >11ear g r a i l i ~ ~ ~ t ' .  ancl j,~ncl, 
\\heri. a rq1o1-i ot uniform tlon. ,li~sq~,itec 
energv bec,ir~se. ,I, our resr~lth ~l-ion.. \-eloilit\ 
tluctrlC1t1nns ex15t e \ - rn  111 the al?sence of 
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Single-Electron Transpart in Ropes of 
carbon Nanotubes 

Marc Bockrath, David W .  Cobden, Paul b. McEuen," 
Nasreen G. Chspra, A. Eettl, Andreas Thess, R. E. Smalley 

The electrical properties of individual bundles, or "ropes," of single-walled carbon nano- 
tubes have been measured. Below about 10 kelvin, the low-bias conductance was 
suppressed for voltages less than a few millivolts. In addition, dramatic peaks were 
observed in the conductance as a function of a gate voltage that modulated the number 
of electrons in the rope. These results are interpreted in terms of single-electron charging 
and resonant tunneling through the quantized energy levels of the nanotubes composing 
the rope. 

111 the p,i\t decade, tr,il-ispiIrt mea~Ll remrn t~  
1-ial.t. enler:e,l as a yrimarv t~onl h r  espli)r- 
111.1 the  yriyiertles ot ~ l i l~ l~ l l l ? t e r - ; i&  strlli- 
ruse;. For example, qtrtdies o t  quantum clots 
1-ia1.i. illrlstr;iteii that  s~n~le-electr01-i charg- 
il-ig and resonal-it trlnl~ellny rl-irough quan- 
tized e1-itrg.i- le\-el> regulate transport 
through small structures ( I ) .  Recently, 
much , i tr tntinn h,is 1~eel-i tl>cuse,l on carbon 
1-ianotube. ( 2 ) .  T l l e ~ r  coniluctinq prnpel-t~e< 
are y~edicrc .~i  t o  cieyel-id 011 the diameter 
anii hellcity of tht. tube, par,imeterlzed b\- a 
roll-ul3 vector ( i l ,  i71). i l n e  type of trlhe, the 
so-called (TI, n) or ar~nchair  tube, is expect- 
eci to he a one-ilimen.;io1lal (1L)) co11~1ucto1- 
n-it11 crlrrent carried by a pair of lD sr~b-  
bal-icih ( 3 )  (Fie. 1, riqht inset) .  A recent 
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1~reakthrouql-i has nlade it possible to obtall-i 
larye qrlal-itit~es ot the (10, 10) jil-iyle-~valleil 
nanotulx  (YWNT) ,  n~11icl-i 1s -1.4 11111 111 

c1iarnetc.r 14). This acivance, in cnmbil-iatlon 
\vith recent quicesses in  performing electri- 
cal meairlrements on incliviJual multi- 
\\.ailed nanotul3ea (MK.NTs! 15-71 and 
n a ~ ~ o t r l b e  hunJles (S), make5 yojqil3le the  
study o t  the  electrical propertie. of chi. 1Ll 
s\-5te111. 

Lyre have meajrlred tranjport throrlqh 
I~undles,  c.1- I-ope>, of nanot~tl3ej briilging 
col-itactq qeparatcd liy 20C to 500 11111. A qi~p 
(suppressed condr~ctance at  low h ~ i s )  1. oh- 
aer\recl in the current-voltage (I-V) cr~rve? 
a t  low t em~era t~ l r ea .  Further, cira~natlc 
peaks are ol>seryeci in the conductance as a 
functlon o i  a crate voltape L7, that  moiiulates . - 
the charge pel- rlnlt length of the tubes. 
These observationj are conjlstent n.it11 sln- 
ele-electron trai1spi)rt througll a segment of 
a q~nqle tuht  1vit11 a typlcal aciditlon energy 
of - 10 me\' ani1 an  average level >pacing ot 
. .. 
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USA, T h e  <device geometry (Fig. 1, leit m e t )  
'Tz '+!I-zii c c l ~ e s ~ c n r i e i c e  shz-lo ij? ario~esseci. consists o t  a single nanotuhe 1-i)pz t c ~  vr.hlch 




