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MICROSCOPIC kLVlRolBII]lY AND DETAILLED BALANCE
Bruce 1. Mnhan
University of California -
Berkeley, Lal;fornla 94720

The law of mlCTOchplC revcr51b111ty is a fundamental
v.pr1nc1p1e that is extremcly useful in both the qualltatlvc
~and quantitative analysis and understandlng of rate and
equlllbrlum phenomena.- Rcfcrcncc to this pr1nc1plc is madc :
as early as fhe'ffeshman year, and it and -its consequences :
are_fféQuentiy cited or invoked in'subseqﬁent undergraduatc_ 
‘and graduate instfﬁction. In recént years it has seen .y
;increasing‘use'as a criferionrof-validity fof appfoximateﬁr?
thedries of rate processe5, and as a device by which méaSure;
ments of rate constants for reactions in one-direction mdyﬁbei
used'té obtain the rate constants fdrvthe-expéfimcntqllyh .
inaccéssible,reverse_directions (1,2).

kDespite the impo}tance of the principle-df microscéfic '
réyefsibility, most chemists are rather uncertain about.ips
origin‘ natdre, and limitations. In part, »this’is becausé,ﬂ'f'
the ba51s of the pr1nc1ple is usually treated in phy51cs
textbooks in tcrms of rather formal quantum mcchanlcs. ‘Inf
_addltlon, a,certaln amount of confus1on’results from the facff 
that the term "detailed balance" is often encountered iﬁ fhc”"”
EﬁmC-cohtext as is microscopic'rcversibility Accordlng to
.‘somc authors, microscopic TCVOrSLblllty refers only to |

mcchnnlcul quunt1t10> such as transition probab;lltlcs,



trajcétorics} und cross scctions, wheréas”dctuilcd bélancc
pertains td Stutisticul mcchanical concepts such as rate
constants ﬁnd cqgilibrium. Unfortunatcly; usage 1s not
uniform, and what ié microscopic reversibility to one may be
detaiied balance»tb another, and vice versa, while Qtill'
others prefer to draw no distinction. InformatiVC discussious "
of m]CTOSCOPlC reversibility and detailed ba]ancc cxist (3 8),

but are largely conflncd to the monograph and advanccd

textbook 11tcrature. In what follows,‘we w;ll present a

discussion of these pfincipies~in terms that are appropriate«

for undergr adu te. and early gladuatc 1nstruct10n.

Mechanics aﬁd Microreversibility

The-prihCiple of microscopic revérsibility is ajconséQthce
of the invariance of the mechanical equations of motion Undgf.
the operation of.time-reversalf.‘What is méant by time/ o
reversal? Suppose we start a_sYsteﬁ at t = 0 with the
iﬁitial'coordinates r(0) and velocities . 2(0)‘ and 1ct it
evolve for a pcriod tlf The trajectory which-répresents
this evolution is shown in Figure la. Now at iimé ty, we
-instantaheously reverse the direction of ‘ail velocity componcnfs,
:1edve ﬁhe coordinates unmolestcd, and allow the System to |
»evoive for anther time period t;. If at thévcnd of this‘:'
time the system has the same coordinates and'the’exactlyj
Igybrsed velocities it had at t =0, it'is:sdid,to obcy'timc_
“reversal invariance.  The reason for this dcscription is

indicated qualitatively in Figurc 1b. Thc'"TCVOrScd" trajcctory
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can be.thought of as beginning at a time "ty and cvolving
‘as time.gocsvfgzgﬂzg to t = 0.

It is'pessiblc to dcterminc whcther'a,éyStemnisninVariant
under time reversal by examining the‘behaviof;of'the-applicablc

equation of motion under the transformation

L t= -t

’I(t)'=‘r'(-.t) | | R '(',1.)
v(t) = -v(-t). | '

‘_:If the equation bf motion is. 1nvar1ant under thls transfermatlon,
for every solutlon that descrlbes a traJectory that starts. w1th
n-g(O), y(O),:and‘ends ‘with r(tl),vv(tl), there w111 be an j'”ﬁ
'_eguaily'acceptable-solution that starts wlth 13(-t1),--y(-tl);
and'leads'to “r(O) -v(O) 'For systemsvwhich’are felt‘td‘obeyh
»c1a551ca1 mechanics suff1c1ent1y exactly, an approprlate 7 |
equatlon to examine is Newton s second law:

: Pr) | du(e) N

Fem—g— =0 —g - @

evWe assume for the moment that the fofce F is a functlon '

vonly of the coordlnates, and make the transformatlon 1nd1cated~ﬁ’

-above._ We get

a%r(-t) dy (-

T e’ L
- When the'pbvions equalities [d(-t)]2 - dt, d(-t) = -dt are“,n;

eXecuted,leqns. (2) and (3) are the.same, except that g(t),h.

~v(t) have bccdme r(-t), v(-t) in edns, (3). Thus nlong cach



classical trajecctory, the motion is rcversiblc.

This dcducthn Qas made under the assumptionvthht thc.
force ﬁ was a function of position only,vqnd therefore was
unchanged under the transformation. While this condition is
ordinérily met, there are forces which do depend on odd
powers of fﬁe'particle velocity: the magnetib'forcebon a
charged particle and thé usual reprcséntation.ﬁf frictional
forces are.thé two most obvious examples. Time reversal
invariance will not be obéyed in these cases, at 1east.n9t’
'superficially; HoWéVer, if care is takeh to reverse the .
trajectories of the chafged particléé which produce the
magnetic fields, and of the submicroscopic displacéments whi¢h‘_
gife'rise to friction, time reversal invariance will be |

obeyed in these systems also..

Microreversibility and Collisioh Cross Sections = o
Having explored the generél mééhanical expression ofgtimé'
reversal inﬁariance, we now Séék a way in whiéh.thié idea ¢an_
be applied tq:rafe processes. To do ‘this, w¢ifirst definé and
then work with the différential scattering c;dss sectibﬂ’ |
“associated with.é.pr0cess, since this}is the essentiai link_

between mechanics and rate phenomena.

To thiS'énd; consider thc-experimental,érraﬁgément diagrammcd'-ﬁ
in Figure 2: ’ A cbiiimatcd beam of projectiiéS;moves foward’a B
collection of Stationary'targcf molecules. A fe& of.thc |
projectiles cxpericnce a colliéion with the target, and afe.
scattercd. - Some of thesc cnter a detector whiﬁh subtcnds7a | _?;:



differential solid angle »dZQ. It is possible to do preciscly

this ckperimcnt il the target is a solid, und the projecctiles
aré high vciocity particles. 1f the'tarycftis a gas in.the.f’
form of a coll:matcd molocular beam, it is. st1]] possible to
dCSCIth a sc&ttcrlng cxp011mcnt in this mlnncr by adopt:ng

a coordlnate system whos or1g1n moves w1th the targct moleccules.

~ Then, as in the truly stationary target case, the plOJCCt]lC

“velocity is to be thought of as its veloc1ty_re1at1ve to the

target.
| Suppose that the magnitude of the initiél’rclative_mbmcntum
of the projectile~is- Py- Inevitably,'thcre‘will be a smaliﬂ

momentum sprcad which wc can recognlze by saying that the

momentum p; 1165 in the dlffelentlalvelement d-s.p1 ‘ A{tcr_v

the colllaion, the scattered product par;xclc has a TCluthGv

: _momnntum p, in a dlfferentlal element d3p2  Three possi- -

bilities ex1st 1f the coll151on 1s~elast1c, the magnitudes

of the 1n1t1a1 and f1na1 relative momenta are equal if tho*

‘C0111$10n is 1ne1ast1c, Ipzl |P1| but chemical 1dcnt1ty is
‘malntdlned if a chemical reactlon occurs, the masses and.
momenta of the projectile and detected partlcle w111 in gcnexal

be different. The follow1ng arguments encompass all these

poscibilitiCS', Let it be clear that 1n each case, the

rcactdnts"vand "products’ have deflnltely known 1nte1nq1

-quantum cstates before and after the colllslon;_

What is the rate at which product particles arc registered
at the detector? It is casy to agrec that NZ’ the number of

particles in state 2 detected per sccond, .is proportional to



the beam Flux Fl (jn molcculcs/cmz scc), the number of target
molecules intercepted by the beam Nt’ and ‘the angular ‘acceptance
of the detector d?Q. Thus

Ny = N Fpogp dfe ;  ™
'vwherc oiz is'the propdrtionality conStant_dgfincd by the
équality. Its units herec are cmz/steradian,.énd.consequently
) s known as the diffecrential ;ross_seCﬁibn for the proccss.
It is a function of the séattéring éngle, théiinitial felatiVQ
:translational,energy'of the collision,_and of>the particulafia

- change in internal quantum states that occurs. The magnifnde'

of is thus detcrmined by the basic mechanics of the

%2
collision process. -

| Now ﬁonsidcr the exact reverse proCcssiin7WhiCh'a baamf
 Qf ”product” (OT.Stdté 2) mole;ules.of moméﬁﬁuﬁ Dy impingés
~on the dpprépriatc target and is convcrtodutb;scattered o

réactant (state 1) molecules with momentum. “Pq- The rate at

which these '"recactant' molecules are detected is

2

N=N F o _d%2 . (9)
where o__ is the differential scattering.crbsé_scction for

21 | |
this reverse process. The bars have been placed over the,

"subscripts to emphasize that the dircctions of the momenta
have been reversed. . The law of mechanical microscopic

reversibility can be expected to provide a relation between

o} and o .

12 31

S
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To fiﬁd:thjs relation, we must compurc:édﬁs. (4) and (S)
after thcy;haVc bcén rcducced to the de crlptton of Sluylb
trajectorics.‘ To do fhis, we first divide by the number of

target mo]cculcq in each case to give us thc ratc of product
collection per ta1gct moleCUle. Also, eqns (4) and ( )

- refer to "bundlcs” of tra;cctorlcs that cnd in. rcspectlvcly o
¥_d P, and d3p = d pl.ﬁ ‘Thercfore, we must dlv;dc eqn. (4) by
: . 1 : g Sl E
3.0 2, . .2
d Py = P dpz d e
and eqn. (5) by

2

3 2
d”py = py dpy d78.

When this is done, we may equate the quantities’

‘ o . |
2 i |

I | )

47PNy dTpgN

B

by:virtue‘ofvmechanical microreversibility, . The left sidé of

eqn. (6) glves the spec1f1c rate at which products arc f01mcd

by 1nd1v1dua1 tlaJectorles in the foruard dircction, wh1]c the'

”rlght 51de gives the same quantlty for thc Treverse derCt]Oﬂ

Since for each forward tldJOCtOTY thexe 15_& revcrsc,vthp two

expressions ‘must be cqual. Note that we have not dividcd'?Nz'
or - N_ by the corresponding fluxes since these. fluxes are not
; 1 R } I o
indenendent of cach other. That is, Fy and ‘the molecular

mechanics determines  F,, so the two factors are related by

microscopic reversibility.



As a conscquence of cqn. (6) we can write

F1912

2 .
pzdpz

i . .' o' | _- ,'.(7)

Now the fluxes can be expressed as the ratio of the appropriate
Velocity a fixcd volumne V, i.c., Fi =‘v./V} 'Also, diffefeutiation

~of thc conscrvatlon of enelgy oxpress1on.

I
7%" = zi * BB,y
1 2

where AE,; = EZ - E; is the‘internal enefgy change for»tho’c
process COnsiQercd,7giVOS vidpy = v, dp,. This; combinédcwith
the eXpresSion for the fluxes, reduccs eqnftjj'to
pio,=pie.. . (®
: 21 - S » '
which is the fuadamental expression of microscopic re?créibility_
as it applics‘to collision processes. Althou0h our arpurbnt:
‘_have been couchcd in the langudge of clasglcal traJoctoxles
eqn. (8) is more commonly derived (5) u51ng formal quantun
mechanlc - |
It is 1mportant to notc that cqn (Sj i%lof pUroly~7  
mechanical (as oonoxcd to Stdtl\thdl mccnan;cal or thClmOd)ﬂﬂMlc)
:011Q1n. As derived, it pC]ldln\ to dcrlnlto Jntcxnal states of
yvuctunts uhd products. Howcvor, often cros;iscctjons ‘o~-uro.
measured which are real ly the averape of the i':‘-.f“. vidu | cross

scctions for the degenerate reactant states, and which sum over
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the formation of products in degencrate final states. The

uppropriatC version of eqn. (8) is then (5) ”

2
Py 81 %27 P2 80 RO

21
wvherc the *gi' are thé_totai dcgcneracicslqﬁ_the inﬁcrndi
.rcéctaﬁt and pfoduét states. .

A comméht_is in order on why N; and N, werec divided
by volume c;emcnts in momentum space fathCr'fhan vdIOCity
spaco.vaCCOIding to Liouville's theorem it is.thevvolUme
element in phase (coordinate-mqméntum) space that iéJcohservéd
as membérs‘of.a group of repreSentative p0iﬁts move aloﬁg |

to‘redufcé*-"'Nl and Nz'to'a-

3 _13‘:.

their trajectories. Consequently,
r d”p . . is not only

single trajectory basis, division by . d
 appropriafé, but essential if processes involving changes of .
mass are considered. - The volume ciement'in coordinate space
_canbbe integrated to give the volume of‘thc box'in_Which:the '
evcﬁts occur.’ Sincelthis:ié the Samé.for fdr@ard'and,rev§fso

process, it nécd not appear in eqn. (6).

Micforeveréiﬁility and ﬁetéiled‘Balance

“While microscopic réV?f%ibility.is a mcchénital”reidtibh
'bctwgén cross scctions, detailed balunce has to do with»fhc
rclﬁtion bctwccﬁ rﬁtc consfunfévat cquilihriﬂm3 DCtuile
balance can be derived (6) from microstopigfr@vcfﬁibility By_:

makine use of the coancction between cross scetions and rate.

constants:



BRSY)
- P, Q
Hérévfor simplicity of notation Qc‘have canidCrcd_hdﬁ--b
chcnératc_rouctant.andvproduct states. Jn cqn.ﬁ(10), intc;
gration ovérzphc produét'scuttering angle_fﬂzh .tonverts thé.'
differential Scattcring‘créss_section.into‘q¥f6tal CTross:
Section, aﬁdtphcrcby includes all possibieiéﬁﬁtribhtiohs td

12

k.., that occur for a fixed initial translational momecntum
'pl._ Integration over Py includes the possible contributions

- from all initial relative momenta that occuf;_'The distribution

~

Cqm = qulé f(pl) dspi dZQ; | z-i ' fij,(10).

10

function fbr.initial relative momenta is given: by the MaxWGllr_ :

o Boltzmann expression

-3/2

- f(p) = (2wukT) exp(- fﬂfﬁ) - ' :;~H(11L

and
d3p = p2.dp dw -
where the solid angle w locatces -the dircction of the initial

~relative mowmeatum.

The procedurc now is to start with

2, . _

4'“ . ’ o) .
K = e o V,0,, C Py dp; d°Q S (12)
1= (2 U]];'l') 5/2 1712 o 1 S S

Cand convert the rieght side to an expression involving ké‘l S
, | _ | _ ) S . 1
We have alrcady integrated over d“w, since the initial

Jdirection of the relative motion is - immatevial. The necessary




11

substitutions arc quite straightforward.  Thdfmicr0ScopiC
rcvcrsihillty rclation cqn. (8) converts pzvc | tb pz o e

_ s _ : , P 12 22 21’
the conscrvntion'of cnergy relation qan,bc-used’to rcﬁldCc
pi/Zu by P, /Zu + AL21 in thé'cxponcnt, and the same relatibn
allows us to replace . vld_p1 with vzdpz._uThe result is.
- 4 'AE21/RT _ | ';pgjtZﬂsz) 2 '“2  o

-k12 = 577 € o vy o e S0 % p2~dp2 a Q. (13)~
(ZWulk]) - 21 T S o

Comparison with eqn. (12) shoWs that the right side of cqn, (l3)f
is very nearly what we would have written ao&n‘djrcctly for
‘k21, the rate constant for the reverse procoss '.By_rcCOgnizing
this, it 1s'a ‘simple matter to proceed to o

KTk GPoe U
Lquation (14) is the mathematical cxpression of detuiiedi
balancc If thc proccss con§1dored is a. b]mplc 1nuldst1cf,
“event in hhlch ‘the rcduced mass is unchanocd cqn. (14) redugnb
_to the fam111a1 cxpr0551on'tnat the ratio of thc'ratc Lonstants
for the forward and rcversé processes is just thc apprbpfigtc
o Boltzmann’fdétbr It is 1mpor ant to rcallze howcvcr, that  ‘
for ]OdCtl\G C\cnrs in which tho rcduccd Mass cnangc tﬁc:.

' flndlcntod rcduccd mnsslrat;o musi appcar ruyscd to thevthrcc?'
halves power., This‘chtor>in ecqn. 14 could_nlﬁo be represented
fu)* .(\?/(ja , 1!)45 rat 16 ol the tr lnl~l.lt ioial p'nrtﬁ {ion ftﬁlct'i(nlé
for initial and flnal rclatlve motlon, since thesc partltlon

functions are the normnlu:yng Factors lor’rnc distribution

ol cqn. (11).



It is importunt to rcnlizc‘that whilc»an‘equiiibriuh
Maxwell-Boltzmann distribution of trunslutional Cncrgics has
~been” assumed, no assumption has been. mﬂdc that the 1“131221

states 1 anq.Z arc at cquilibriﬁm. Thus.ch.v(l4) applics,

for example, to the rate conétants for vibrafiohal_excitafion
and dc-cxcitation of a gds whos¢ Qibrationalvstatc diétributiqn
has been thrown far out of-cqﬁilibrium by a pUiSé of‘ligﬁf”
“but whose translatlonal energy d1€t11but10n ‘remains of the

Maxwel]-Boltzmann form. Thus statemcnts oftcn cucountcrcd Ln

textbooks to the effoct that expressiong ak;n*to eqn; (14)

12

hold only at complete chemical equilibrium are overly restrictive.

It is of interest to find an expression for the total
rate constant for conversion of all reactant statecs to products.
.1

If 1 designetes any reactant state, and {  any product

state, thén'the"desirod quanfity_is'just

)
et

R TS T oo a

where Xy is the fraction of thc reactants in state i.
Equation (15) says that'the.total chcmichl_convcrsiou rate

constant 15 found by addlng up ‘the late constants for cach

1nd1v1dunl tvnc of transltlon, hClthlnn cach b) the plohdhllltv -

that the systcm will start in tuut‘lnltlul stutc. ‘Slmllnrly,

the total rate conktant for the reverse process is
(10)

where xo  is-the fraction of "products" in state . f.

e
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A pubficplurly interesting situation occurs when xi
and Xp are given by thc'exprcssions.whicﬁ ﬁq1d utAthcrmalif
equilibrium: . .

| B /KT
X.. .= ¢

1 ant

(17)
Q. o

-E /KT
e £

;innt_ S aw

P

. Aln int . . TP
Here Qilt ~and Qp t are the usual internal partition
functions of rcactants and products, and the E. and Ef'
arc the cnergy eigenvalues of the reactant and product states
measured relative to their individual energy zeros. We now

substitute equn. (17) into eqn. (15) zand get . ..

Then we use the detailed balance relation, eqn. (14), in

the form

t ,.." . ‘ v»A.
. = -(LE.-E.+AE ) /kT .
. SR N o) /KT
s t

Q. '

where the Q's are the translational partition functions, and

A ds the difference in the Towest energics of products and
reactaats,  The result is o

'-AHO/RT , . oo
c s v fhf/kT
(. C .

(19)



The summed quantity is ncarly what we would write for the

. . ‘_ . . ..
total reverse rate constant k. Inscerting a factor of Qént
in the numcrntor_und denominator, we get
v Q -AE _/kT . : : \
-li_=611e o L (M. | O (20)
k Ky - o o .

That is, fhc'fatib of the total ratc_éoustqﬁtsffor the forwa}d
;and'revCrse;fehctions is a'conSfant which dépcnds dnly on
temperaturc. Since the 'Q's. in eqn. (20) aré tb total -
parfifion functiéns (the product of tranSlatiQnal'and:inféfnal_
factors), we have-found the Standard statisticaikmOChéniéal |
- expression for»ihe~equilibrium constant. | _ | |
I{ we eXprcss the equilibrium Constan%ffot thé_bimoiecular

PRS2 I T SR Oy

A+B=C+0D
'in thc usual way‘.v : : S
EEEQLP]C = K(T)
[AT, BT,

we sece that eqn. (20) leads to

KAl p), - k(eI 01, @D

uﬁcrcvtho suhscripts_indjcth'CQULlibrium conchtrntions;f-iﬁ_f’
Ceqn. (21) we have one of_thc moro commbn_st@thané df»dcfhilcd
 halaucc:‘ at oqhi]ihrium, the rate of an cléﬁqntnry pfotqss

:u;d of its rQ\ﬂ*rSQ' HIIEIC(|U:I1. The C(n1sc«lu<wicé§:-olf this
observation have been pointed out in '1 nmhbmﬁ of undorg.zmdu:xtc‘

tenthbooks (9-12),

14
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The dl‘(:ri»?vution of eqn. 20 sheds somg llghl on the

question or whcthor, in order to obtain avratc cbnstant fbr_ 
a rcvcrsc.rcattign, it is 1cgitimgte to u$¢ an'équl1ibrihm'
constant toycfhcr thh‘a ratc cénstantvforfihc fbrwafd

1cact10n WhJLh hag becn measurcd with the systom far from

chemical cqu1]1br1um. It is clear that such a procodurc is
leg1timatc if the measured Iorward reactjon is procccd:ng

slowly cnough SO0 that the translational dnd internal states
of the reactants have very nearly their Boltzmann equilibrium»'
populatioﬁ; .This condition is almost alwayq met for bi- |
molecular reactions, and 1is verily the standard cqullLbrlum
- assumption Qf chemica1 k1net1Cs, upon which convqntlonal

absolute rdfé_theofy and collisiqn theory arcybaséd: There

arc instaﬂ;cs; suéh as collision induccd disscciatien and
,recombinationvreatfioﬁé, unen the ponulaxlons of 1nternm1,:
reactant or broduct-statcs deviate considcrabe from thc
equilibfium Boltzméun'values. :ﬁvgn then,tit:Céﬁ be arguéd_(S)
that in‘somé_Cascs é reldtion of thé.type.of éqn. (20)

holds between the méasufed ratc»constants.forvthe'forward”

and re everse recactions.

.Cohcluding‘ﬁcmarks

Thc mlcrOscoplc revers 1b111ty of clas 1Cd1 and quautum
m;chunics hns:consbquchcs for molecular dynamlcs thut'cun’hof
interpreted at various levels of specificity. Thcre‘is u‘-
Cnhuc(}inn,.(Wpl.:(S), belween the uroSs su;ti;nm ol tne

collisional process which converts one specific rcactant



quantum statc¢ to onc spccifjé.prdduct state, and thc CTOsS
scction foy,thc cxu¢t reverse process. A closcly fclatcd
cxpression, cqn._(g); pertains to mcasurcd cfoﬁs scctions

thﬁt are avcrages over degencrate inifinl stdtcs and sums
over aoguncrate final states. When a Maxwell-Boltzmonn
distribution of translational cnergiés cntér§ ihc prob1cm,
bnc has the rélation, eqn. (14), botwécn réto qonstantstor
ﬁhc intcrconvérsion of specific intcrnal sfatés.:'Finally, 
when tﬁc tfanslational aud intcrnal’stutcs of-redcfunfs‘and
”products'separately havc,thcir Bortimann cqui1ibrium |
populations, micfoscdpic rcvcrsibiiity'andvdctailed balance -
provide a relation, eqn. (20), between"the foTward and

reverse rcaction rate édnstants dnd.the équiiibrium Constéhffz‘
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FIGURI: CAPTIONS

(a) and thc corrcqpondlng reversc traJcct01y (h).

A schemutic reprcsentation of a f01un1d trAJcctory

Notec that thc Teverse traJect01y does not rcstoxe Lhc

system to its original statc but rathcr to the orlglnal:

state with reverscd velocities.

scattering experiment. A collimated beam of projectiles

A schematic diagram of thé_essentials“of a

of momentum Pq. impinges on' N tafget'moleculcs;

The sCattcred uartlclcs with momcntum 22 enter

) . : R} '-' ‘ . - - - ...-
detector which 1ntcrc:pts a &Clld an"lcevd

2 at

rate Of‘xNz narticles ne? second. "Thé original.

a

P
u._

fIU\

of the beam if Pl plO)CCtlle pcr Lmz p01 ‘second,

and most of thls is unscattered
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This report was prepared as an account of work sponsored by the
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




o

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





