ROTATIONAL RELAXATION IN
HYDROGEN ISOTOPE-NOBLE GAS
MIXTURES

R. M. JONKMAN







=2 OKT, 1367

ROTATIONAL RELAXATION IN
HYDROGEN ISOTOPE-NOBLE GAS
MIXTURES

PROEFSCHRIFT
TER VERKRUGING VAN DE GRAAD VAN DOCTOR IN
DE WISKUNDE EN NATUURWETENSCHAPPEN AAN DE
RUKSUNIVERSITEIT TE LEIDEN, OP GEZAG VAN DE
RECTOR MAGNIFICUS DR P. MUNTENDAM, HOOG-
LERAAR IN DE FACULTEIT DER GENEESKUNDE, TEN
OVERSTAAN VAN EEN COMMISSIE UIT DE SENAAT TE
VERDEDIGEN OP WOENSDAG 4 OKTOBER 1967
TE 15 UUR

DOOR

ROBERT MAARTEN JONKMAN
GEBOREN TE ROTTERDAM IN 1937

}./.o sk oiss el Letus

1967
DRUCO DRUKKERIUBEDRUVEN N.V., — LEIDEN




Promotor: Prof. Dr. J.J.M. Beenakker




Dit werk vormt een onderdeel van het onderzoek programma van de
Stichting voor Fundamenteel Onderzoek der Materie en is mogelijk

gemaakt door financiéle steun van de Nederlandse Organisatie voor
Zuiver Wetenschappelijk Onderzoek.







CONTENTS

INTRODUCTION

CHAPTER |

CHAPTER ||

CHAPTER 111

CHAPTER IV

& Lo

EXPRESSIONS FOR SOUND ABSORPTION AND -DISPER-
SION IN BINARY MIXTURES OF A RELAXING GAS
WITH NOBLE GASES DERIVED FROM IRREVERSIBLE
THERMODYNAMICS.

1. Introduction

2. Theory
2

3. Discussion

EXPERIMENTAL DETERMINATION OF ROTATIONAL
RELAXATION TIMES IN PARAHYDROGEN- NOBLE GAS
MIXTURES.

1. Introduction

2. Experimental method

3. Evaluation of relaxation times
4. Results

EXPERIMENTAL DETERMINATION OF ROTATIONAL RE-
LAXATION TIMES IN ORTHODEUTERIUM- NOBLE GAS
MIXTURES.

Introduction

n

2. Experimental method
3. Results

THEORETICAL ANALYSIS OF THE RESULTS OBTAINED
IN CHAPTERS || AND I,

Introduction

N

Inelastic scattering cross sections
Evaluation of relaxation times
Discussion

SAMENVATTING (SUMMARY in Dutech).

blz.

11

11
12

&

24

39

39
39
40

45
46
48
53

60







TONST VRO DG L O N

In this thesis we will study rotational translational relaxation
in gaseous binary mixtures of the hydrogen isotopes with the
noble gases. Rotational relaxation processes deal with the
equilibration of the occupation of the rotational quantum states
in a non-equilibrium system.Hence therelaxation times describing
these processes are of interest for widely different fields of
research dealing with such systems. From a microscopic point of
view the relaxation times are related to the inelastic scattering
cross sections for the process involved. For rotational transit-
ions these cross sections are dependent on the interaction poten-
tial and in particular on the non-spherical part of it. So the
relaxation times provide a means to obtain information about the
anisotropy of the intermolecular potential. Especially for this
reason the molecular physics group of the Kamerlingh Onnes Labo-
ratory decided in 1962 to investigate rotational translational
relaxation times experimentally and theoretically.

One of the commonly used experimental techniques to obtain
rotational relaxation times is the study of sound-absorption or
-~-dispersion due to relaxation processesl)2)3). Since also other
mechanisms like viscous friction, heat conduction and diffusion
play a role in sound progagation, we evaluate in chapter 14
expressions for the sound-absorption and -dispersion in the
considered relaxing mixtures. In these mixtures the sound absorp-
tion coefficient a,can be very large and therefore sound velocity
measurements will be rather unreliable. For this reason sound
absorption measurements as a function of frequency and pressure
seem to be a better tool to obtain relaxation times. From the
experimental data of a these relaxation times can be obtained in
a reliable way if only one relaxation time is involved, which is
the case e.g. for a two level system. Since we are interested in
rotational transitions, the hydrogen isotopes parahydrogen (sz)
and orthodeuterium (oDz) in which gases only the rotational
levels 1 = 0 and 1 = 2 are occupied in a fairly extended tempe-
rature range seem to be a good choice.

As a part of this program S 1 ui jter, Knaap and
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Beenakker published in 1964 a series of paper55’6)7)on
rotational -translational relaxation times in pure gaseous sz and
oD_ at several temperatures. The results were related to the ine-
lastic scattering cross sections for the process involved, yiel-
ding a value for the asymmetry parameter, [, in the interaction
potential. These inelastic scattering cross sections for rotatio-
nal transitions, Ql'l ,in hydrogen isotopes are calculated by

several authors®’®'19) 15 such calculations one must take into

account the orientations of both colliding molecules. This com-
plication does not arise, however, in a hydrogen-noble gas inter-
action so that for such a pair the calculation of the inelastic
scattering cross section will be simpler. Hence, as an extension
of the work of S1 uijter et al. we decided to investigate
rotational transitions in hydrogen isotopes induced by the vari-
ous noble gas atoms obtaining at the same time another check on
the consistency of the theory.

The relaxation time of sz or oD2 colliding with noble gas
atoms only can be experimentally obtained by performing measure-
ments in hydrogen—noble gas mixtures as a function of concentra-
tion. These experiments are described in chapters II'!) and
III‘2), dealing with pH_- and oD_-mixtures respectively. In such
mixtures the following reactions will occur:

H, (1

0) + H2 = H2 (1 =2) + H2

H, (1

2 0) + noble gas = H, (1 = 2) + noble gas.

2

: 3)
Since these reactions are parallel we see directly ' that the
process can again be described with a single relaxation time,

7-VT mif

! -1 -1
- = X v 3 + X T
vT m!x) H ( vT ) n.g. ( VT ) (1
2 H2-H2 H2-n.&

(

Hence a plot of (7 )'l versus concentration should be a straight
line. This indeed has been verified experimentally. Extrapolation
to A 1 gives the relaxation time of a system of hydrogen r
molecules, colliding with noble gas atoms only. In chapter IV!3)
this value of (TVT)Hz-n,g, is compared with the results of calcu-
lations on averaged inelastic scattering cross sections, ng (T)
based on the modified wave approximation in the distorted wave

method as used by Takayanag Gl




Apart from this program in chapters II and III also relaxation
times in mixtures of pH, and oH, at 77° K and in mixtures of oD,
and pH, at 45° K are reported. At these temperatures oH, and pH;
are co&pletely in rotational states 1] = 1 and 1 = 0 respectively
and behave like inert collision partners. Therefore in these
mixtures too we expect eq. (1) to be valid. The difference between
(TVT)DHg_pnzund (TVT\pH2_“H0 will inform us about the influence
of the rotational state of the collision partner onthe relaxation
process. The results obtained in the case of the deuterium-
-hydrogen mixtures give indications of the occurrence of the
quasi resonance reaction:

= = S N — = )
sz (1 0) + 002 (1 2) 'S sz (1 2) + 002 (1 0),

as predicted theoretically by Van Kranendon RAAL
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CHAPTER I

EXPRESSIONS FOR SOUND ABSORPTION
AND -DISPERSION IN BINARY MIXTURES
OF A RELAXING GAS WITH NOBLE GASES
DERIVED FROM IRREVERSIBLE THERMOD Y-
NAMICS

1. Introduction

Inelastic collision cross-sections of molecules are a point of
common interest for widely different fields of research, such as
astrophysics and chemical kinetics. Therefore it is not surprising
that during thelast years several authors!’2’3) presented results
of calculations on rotational transitions ofhydrogenic molecules,
colliding with noble gas atoms. It is worthwhile to study these
systems experimentally also. Determination of acoustic relaxation
times provides us an experimental means to obtain the rate con-
stants of the reaction, which can be shown?) to be weighted
averages of the inelastic collision cross-sections.The relaxation
times can be obtained from sound absorption and sound velocity
measurements in mixtures as a function of frequency, pressure and
concentration®’. Both techniques have their specific difficulties

From the frequency dependence of the absorption due to the
relaxation process the relaxation time can be obtained. This ap-
proach is complicated however by the fact that in addition to
this relaxation absorption other losses occur, due to friction,
heat-conduction, thermal-diffusion and diffusion. An expression
for this absorption hasbeen given byK o h 1 e r$) already in 1941.
This expression is experimentally verified bij Pet ral i al)
For mixtures of molecules of which the masses differ appreciably
the diffusion contribution can be comparable inmagnitude with the
relaxation absorption and must beknown rather accurately in order
to obtain reliable relaxation times. In sound dispersion measu-
rements on the other hand the large non-relaxation absorption
makes measurements at high values of «7 rather inaccurate. The
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reason is that it becomes difficult to measure over a distance of
more than one wavelength: see e.g. the work of B o s e!®) | So, in
our opinion, absorption measurements are to be preferred.

Since in the expression for the non-relaxation absorption spe-
cific heats occur, which are in these systems known to be complex
functions of «r?®’, one feels intuitively that also this absorp-
tion mechanism becomes dependent on the relaxation time. In view
of the complexity of the situation we decided to derive an expres-
sion for the total sound absorption in this type of gaseous mix-
tures, using non-equilibrium thermodynamics. We essentially fol-
lowed a formalism,outlined already in1943 by M e i xn e r®) for
the general case of a mixture of n components, each of which is sub-
jected to chemical reactions. Our final results will be expressed
in kinetic coefficients whichcan inprinciple bemeasured directly.

Apart from the symbols as defined in the text we use the follo-
wing notation:

concentrations of component i in moles per gram,

diffusion current of component i in the center of mass system,
molecular weight of component i,

pressure,

gas constant per mole,

temperature,

internal energy of component i per mole,

center of mass velocity,

energy current in center of mass system,

mole fraction of component i, s
production of component i by chemical reactions ingram/cm .S,

(OO N

(%%

Mix mH<lc3omu = olo

-

specific heat ratio,

) shear viscosity,

7. bulk viscosity,

Hey chemical potential of component i per gram,
£ mass density.

3 X

(2]

Theory

As usual in treatments like this we will start from the rate-
of-change equations,As in a sound field the amplitudes are small,
we linearize by taking partial derivatives in stead of substantial
ones and we assume that rot V = O:

12




Jp L

== + pdiv V=0 (1)
at

,ﬁﬁfj U R i { = 2
Py + dvD, =T d=1, .... ,n) ( 2)
ye -L;zv = - grad P + (;7“‘ + 7y) AV (3
Loz Bl el B Ly oy ( 9
ot i M peot [

The corresponding phenomenologic equations read

Dy = Za, (-T grad=X) + by(-grad InT) (i=1, ..., n) ( 5)
Kk T

¥ = % b, (-T grad %3) + c(-grad In T) ( 6)

ry = % Bik My (L 2. cevs B Lo

where the chemical potential per gram ofcomponent i vy is
defined by:

Pe) f 'U1
= 0 M e bl 3
Mypty £4(T) + RT 1n ¢ cy s 37 (T ) 2 ( 8)
As the fluxes are defined in the center of mass system, one has:
% D; = 0; and also % ['; = 0. In this way we obtain the following

relations between the phenomenologic coefficients

% B3y = 0
by = 0 ( 9)
%:Aik =0

For the set of equations (5) the Onsager-relations have the
following simple form

B = Ay ; Ajg = Agy (10)

13




Finally the equation of state reads

RTO

P = m

(11)

where the average molecular mass, M, is given by M = ZixiMi.

The time and space dependent quantities p,ci,V,T and P, which
characterize the system, fluctuate around their equilibrium values,
indicated with a subscript "0". Following De Gr oot and
Mazu r?) we proceed at this point by making aFourier transform
of the deviations from the equilibrium value; e.g.

o 1 TR e it =
plr,t) —p, = =) 15 (K,«) exp i(K.T - «t) dK dw (12)
o
with:
+®
AR = T { pl¥,t) = p,} exp ilK.T + at) dF dt (13)
-0

By calculation of grad p with (12) it is easily seen that

+®

[l (grad p) exp i(-K.T + «t) dr dt = iKA(K, ) (14)
-m

and analogical

+® - — —p ap =t
rr (2p) exp il=K.T + wt) dr dt = - iw A(K,«) (15)

-o Ot

The above treatment is still correct, under suitable conditions
if X is the complex vector K = K + i@, K being the wave vector.
Inserting a scalar for o in (14) shows that K and @ are parallel
vectors so that we can write kK = k u and @ = @ u, u being a unit
vector; a is the absorption coefficient, Clearly po (F, t) can be
looked upon as a superposition of damped partial waves with am-
plitude 2 (K, «) exp (-2.T). Similar arguments hold for c,, V,
T and P.

Fourier transformation of (1) - (4) and (11) givgs after elimi-

~

nation of V and P the following relations for éi, T and o

-~

(m+ 7+ 7 =108 T = Zxy0y = 0 (16)

3>

S e U e Nea % o =
265 + S Ay -ap)lgd T—p-¢ ) +b 0 (i=1,..,n) (17




2 U T Wl I — e
C,T + 332 Xye= F=Zbyld T-F-cy) +cT=0 (18)

The following shorthand notation has been used:

_w? P . - _dwp ¢
T KK P ; S, SRE R
= i B JHw B
Y p ' L P Mpm
n ale : =t S
. P L) ; ik 2 MiMum (19)
2. =P A M : U, samblll €
ik iwp? MM, ; SR (A :
C, = total molar specific heat minus the contribution of the

v
relaxing degree of freedom. m can be considered as a frequency

dependent complex specific heat ratio, as follows directly from
the definition of m and the expression w?/(K.K.) = v (@) p/p.

We will now confine ourselves to the special case of a mixture
of a two level system with a noble gas.Examples of such two level
systems are pH, at temperatures 70 <T <200° K,oD, at 35 <T<90°K
and HD at 20 < T < 50° K, where only the two lowest rotati-
onal levels are occupied and e.g. the electronic transition
2] O e 2] y occurring in NO!©), In this derivation we treat
the system as a three component mixture. This means that the
excited molecule is to be considered to behave like a separate
chemical species. We assume that the lifetime of this excited
molecule is long compared to the mean time between collisions,
Toe This assumption is the same as the one that is used in the
Eucken-treatment for the heat conductivity!!’. In a more advanced
treatment correction terms of the order Z-2 =(7./7)2 occur in our
final results. Identifying species 1 and 2 with the ground and
excited state and 3 with the noble gas, we have:M1 =M, U; = Ug =
C,T; U, = C,T + €N, where € is the energy separation of the two
levels and N is Avogrado’ s number. Remark furthermore that accor-
ding to the definition Ag; = 0 which leads to Axx = A, = -A =

22 12
-A,, = A. To introduce explicitly the relaxation time into our
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problem we observe that the relaxation equation is given by:

I, = = (X2 - Xzeq ) Mz (20)
Tvr M

Using the equilibrium condition Té =0 for x =x. (7

leads to :

- P/ X1 X2 . M

l = ____4[ s Th e AT, P

4 A;“ n X1eq X2eq 7 My

|2

= X + X2 s
iwg A(X2 * x?.eq) (-Xje.q ZEQ ) M-z

Combination of these results yields a relation between‘x and TVT:

= X1 X
A = 172 - (21)
(X1t X2) 1@ Tyr

The contribution to the specific heat of the relaxing degree of
freedom, C’, can easily be shown to be

2
' € X1 X2
C =Rl=),.—m 22

R(kT) (X3 +X9) gre)

In the case X, vanishes C' reduces to the well known Schottky
specific heat of a two level system.

The five linear homogeneous equations (16), (17) and (18) for
the five unknown quantities 2, T and éi. must be simultaneously
fulfilled. This can only be the case if the coefficient-determi-
nant vanishes (23). Here we put for short Cj = CV/R; €* = €/kT
andm = (M; - Ms)/Ma.Our task is to obtain m fzpm tE}s E}p{pssion
in terms of the coefficients,i.e. m=m (7,7, a;. by, ¢ A, Xy).

It is easy to show?®) that ThTy Cs Dby and a;, are of the order
wr and hence small compared to 1 at frequencies « <<7C'
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Let us first look for a zero order solution, m,, of (23), where
we will neglectTﬁ]ﬁv,E, 'Ei and a,, . With (21) and (22)one
obtains immediately:

(m, -~ 1) «qCy e ety (24)
where

¥ I -1
¢ =X and R = (1-1ary,) (25)

Remember1ng the definitions of m and K, (14, 19)
KK =k?-a?- 2 ika = a)p /mP, the well known expressions

for the sound dispersion and absorption in relaxing gases follow
directly by separating real and imaginary parts:

5)

2 3. 2 2

k = 1@ B Tp8 . 4 2. (26)
(.E; ) - 1 + w2Tpg k2

a(k¥ _ ye wTes (27)

k \K, 1 + w2r 2

Earalah Lo e 3
wi > given by @ = Co(Cy + oy ¢ (28)

Cp

TPS and Typ &re related by TPS %, P (29)
and the subscript "0" means = "in the limit of zero frequency".

The contribution (a/ko)2 to the dispersion is small in most
cases and therefore normally neglected.

To obtain the combined effect of relaxation and losses from the
other irreversible phenomena we look for the higher approximation
by substituting in (23) m = m, + o+ By our choice of m, itis then
possible to construct one row in the determinant which completely
consists of first order terms in &,7,7,, c, bx and a;,. To obtain
a first order solution to the problem it is then sufficient to
neglect all first order contributions occurring in the rest of
the determinant. In this wayzwe find after some calculation:

5 =-§m+ 7, + (C,* +RC’") {c2by (1 -®) e+ + 2b5RB +

e 0 T (30)

+ Byp(1 ~R)%e*? - 22, RC'T (1 -R)e* B + agyRB?Y

18
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1 -m

where we put for short B = +mMm

e‘xl
Proceeding in the same way as in the case of the zero order
solution would yield an expression for the sound absorption and
dispersion in terms of a, ik b1 and.z. Since we prefer to express
our results in dlrecg}y observable quantities we must find a
relation between ;;k, bi and ¢ and heat conductivities, thermal-
diffusion coefficients and diffusion coefficients, all defined in

a three component mixture in the usual way:

Q)

X { e 7]
Tjtl + (i grad .\1) = div (DTi grad 1n T + z_k Dik grad xk)
(i=1,23) (31)
oT op ) .
£ CP 3t - '—‘F : =div(<kgrad T + p 24 DTi grad 1n xi) (32)

When our reference frame moves with the average particle velocity,
&, in an isobaric system, then in both equations the second term
at the left hand sides vanishes. M e i x n e r!2) gives the
following relations, expressing the kinetic coefficients in (31)
and (32) in the coefficients occurring in (5) and (6)

T« = ¢ - 2 >'kk *A‘Akalkhh (33)

M1 " -t
D =_;[__(b -2a h)-x2 —(b -Za h)] (i=1,223) (34

Ty My 1 k'ik 'k 1] My kK ik k
2 A - 8

Bs m.— | ik Xy zj_ii ] (35)
ka MiMk Mij

Here the specific enthalpies per gram are given by

= -1 . 5 %
hk Mk (Cp + 0,,€ ) RT

where bl is the Kronecker symbol. To invert these expressions we
observe that from the summation properties of a; and bi follows:
§D = 0 (36) and 211) =0 (37).

19



Furthermore the Onsager relations read now:

~ ~
Xk (Dik ‘X1M D3k ) . xl(Dkl - kaD3i) (38)
~ Ma-M
with M = —— -

Using these relations we are able to invert (33) to (35):

iw M

c = 5 2(bIMCy  + Dye*) -4 aggtMCh )2 + 2 ag,MCh € + a,€*F)
(39)
'6‘ _iCL M ~ o m et
= - — o ] + L MC* . ] .=
—= @, - xid ) a; Py + 8,6 (i =1,23) (40)
—  _lw MXx, ~ !
ik -mTR (Dyjg - XiMDgy) (i,k =1,2,3) (41)

We can now express m inthree thermal diffusion coefficients and
nine diffusion coefficients. Let us first consider the three
thermal diffusion coefficients. Between them (36) holds. At this
point we observe that the transportcoefficients are determined by
the molecular masses and the intermolecular potential, which is
known to be nearly the same for the ground state and the excited
state. So it is sensible to assume that the difference in trans-
portcoefficients between these states can be neglected, From this
assumption follows directly the following relation for the par-
Eicle flows of component 1 and 2 in the laboratory system..—fl and
J2 g Xq 31 = x132

dxy . y
From az— = -div Jy= div DTigxad In T.

‘
we find a second relation between the thermal-diffusion coeffi-
cients:

X, DTq =X, D, (42)

In this way we treat the mixture as being effectively a two com-
ponent mixture as far as interaction between the chemical reacting
molecules and the inert gas is concerned. It is then reasonable

20




in view of (42) to choose DT as the independent coefficient.
3

X
DT; -~ -(ﬁ)n% (k2 1,:3) (43)
Between the nine diffusion coefficients, Dy, the six relations

(37) and (38) hold. An extra relation can again be obtained by
the assumption of a quasi binary mixture. Let us apply to the
system a concentration gradient, grad Xq, keeping temperature and

pressure uniform. The assumption means, that the quotient (xz/xl)
has anytime and anywhere its equilibrium value.

So grad x, = {-x/(x;+ x))} grad x; (i=1,2).

By setting the particle flows proportional to the concentrations
we get in a way similar to the deduction of (42):

" ia s
X1X2D11-X3 Dyg* Xp(Xy + X3)Dyg= =Xy Day= XyXgDypt Xy (X; + X5)Dyy
(44)

There are now 7 relations for the 9 coefficients D,,. So we can
choose two independent ones. For the first one we proceed as in
the case of a binary mixture. We define D as

dx3

az— = -div <> grad Xq (45)

Note that this coefficient is the one effectively measured by a
detection system that does not distinguish between the different

quantum states of the molecules!?’, (31) with (45) leads to

D ( . D X2 D
D = -p E 5
32 33 (46)
Al xl*xz) (xl*xz)

The second independent coefficient,’,we want to define according
to the following picture. We keep X, constant and vary the ratio
(xz/xl), e.g. by applying a temperéture gradient. The resulting
diffusion flow of excited molecules will give rise to the contri-
bution of the internal degrees of freedom to the heat conducti-
vity. Therefore we define: dx2/dt = -div’ grad X,.

This coefficient is the one measured by a detection system that
does distinguish between the different states of the reacting
21




molecule. According to our assumption of equal transportcoeffi-
cients for these different states any type of labeling in the
reacting mixture will give the same resulting diffusion coeffi-
cient D'. So D' corresponds to the diffusion coefficient measured
in these mixtures by spin echo techniques applied to the reacting
molecules. If X, vanishes, ' reduces to the self-diffusion
coefficient of the relaxing gas.

By virtue of grad x, grad X, = 0 the next expression for <’
follows directly:

<! - =
# = Dyy = Byy (40)
We are now able to express Zik, Ei and ¢ in the independent
guantities x, DT3,~b and D';
= iw MKT ~ E*X, 1e_y
c = -———Z{MMCE - }DT + Mc' D' 4
mTR P X + Xy 3
~ M3gXxqo€* 2
+ Mxg(1 - Xg) IMc;, o Moxaet Bol
| M(1 - x3))
= i @ -X X, X ! P
by = —— |—=— MgDp_ +M e* LL D+ xpxgMg{Mcy +
mTR Xy + X, Xy X,
M X5 s o ]
Fomerme e TS
M(1 - x3) (48)
i M,E€*X
et 14 7 3 2 <
2 gt x iy Ao
C— [ MiBeg Ml g P M(1-xy)
2
= i M3 M
a. .= _1(_ HZ {xl\}’ + X.)X-J(-—a-) "Z‘} ’
22 mTR (1-X3) B M
¥ - -iw M M
13
Qo= — X XqD ,
23" mrR M2 °
- iw M2 . o
w e =l - X
33 mTR M 3 3

oo
0o




Inserting these results in (30) gives

PS 4 MK %0 oef
-i—(;=:-3n+77v+ » * R 5 th £
) *
Veff Peff veffcpeff
2 s 1
_Peffx. (1-x, )MeD- —— M 49
ey e e e Ty (49)
Vet t Veff
: . Dor! * - D!
where we introduced CV‘eff = Cv‘ + RC and C; atr C; +RC"*,

Completely analogical to the treatment in the zero order solution
case we now get, neglecting higher powers of S/mo:

K 2 2 " 5
a
k -(_a_-zi___ iy B
l(o Ko ko ko Mo n
(o]

from which follows finally by separating the real and imaginary
parts neglecting higher powers of @ in the perturbation term )
(this isallowed since always@ <0.2) and introducing the specific

heat ratio
Y = C /C and the thermal diffusion ratio, aq,
Persr  Vefs
defined as @ =D Jsx (1-x )\~
T Ta\ 3 8 4
3
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In practice one measures @ as a function of frequency and pres-
sure. Therefore it is often more convenient to have an expression
for the directly measured quantity a/w. This is given by:

a @ & e (% ~D? wux
w 2PV, % UL -

3 Yo R

W e (l-xs) ’)’mﬁzﬁl’(l-zw-)] .
3 Yo M

s Jo_ o “ps : [ Y= € 1 f

VY, 1% u:zTP 8 k

_ (5-7%) (Ym=1) Mk ., YD p D' 1-wPrde

- i 2. 2
2% R Yo =1 14T,

S a
+ Xa(l-xs) )’lel}b(l/z 4.(_7—}/"’) _%_>

The first term between square brackets gives the asymptotic
behaviour of the absorption in the system at high frequencies and
is as such measured. It corresponds, as is to be expected, to the
"Kohler" absorption, Es 5 /w, in a non-(i.e.no longer) reacting
mixture. For the excess absorption a'= a -G, p. One can now
write an expression similar to (51):

2 a'k @ Ty 1 f 3 (5 %) Vp =1) M +

= @

—_— e 1+ o + - 5
k 2 1»}??5? r py 173 2% R
PS "o @

o

3. Discussion

We mentioned already that the behaviour at high frequencies
corresponds to the Kohler expression for a non-reacting mixture.
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To obtain an expression for the asymptotic behaviour at low
frequencies it is better not to use expression (50) seq. because
of our approximation of neglecting terms with @2in 8. From (49) one
obtains directly in the low frequency limit for X3 = 0 the Kirch-
hoff-Stokes absorption with themodified Eucken expression for the
heat conductivity,KE = K + C'pﬁd/M corresponding to our approxi-
mation Z2°%<< 1. (49) yields also an expression for the frequency
dependence of Kgt
'
Kglw) =K+Cp€D’ 5

M(1 + cuz’rpzs ) (54)

The frequency dependence of (54) is directly related to (22) that

is characteristic for a two level system. (54) differs from the

result obtained by M on c h i ¢ k!4215) who used a kinetic
approach., His expression lacks the square in the denominator.

In general we can conclude from (52) that we can separate the
total sound absorption in two parts:

a) A"Kohler" absorption with for ¥ (w) and « (@) the values
corresponding to the high frequency limits. This is the first
term between square brackets in (52).

b) A relaxation absorption which now also contains the relaxing
part of the absorption due to viscous, heat and diffusion
losses. If we first neglect the 9@ contribution, we see, that
the resultant absorption has the normal Debije frequency
dependence with the relaxation time 7# , but with a slightly
modified scale factor €, Since the D' term vanishes at o™ 1
it does not contribute to the maximal value. To make an esti-
mate of the change in € we observe that the transportconeffi-
cients are all proportional to TP -(l/nyz)(ﬂykl/S)* There-
fore one obtains @eff =€(1 + l/Z) where 51 is a numerical
constant dependent on molecular weights and concentrations. In
the case of large mass differences ;l is mainly determined by
the diffusion contribution. In a rather extreme case like a
50% H -Xe mixture one has gl 40 and Z = 400 which leads to

/Z = 0,1. The term o9 contains an extra frequency dependence
that will shift the position of the maximum of (a' /k)(k/k ¥4,
For small values of FED/7§5PX5 52/2 one can easily show that
the maximum occurs at Wrogs %4 5 gz/z As the numerical con-
stant, 52. is of the order 1 this correction is negligeable
for large values of Z.
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CHAPTER 1II

EXPER ENTAL DETERMINATION OF ROTA-
I 10NA L RELAXATION TIMES IN PARAHY-
DROGEN- NOBLE GAS MIXTURES.

1. Introduction

In this chapter we will at first describe the experimental
techniques, used to obtain the relaxation times. These relaxation
times are for the considered two level case inversely proportional
to the rate constants of the reaction!’. In the sz-noble gas
mixtures investigated the following reactions will occur:

PH, (1

0) + Hy =, pHy (1=2) +H,

[}

pPH, (1 = 0) + noble gas PH, (1 = 2) + noble gas

Since these reactions are parallel we deal, like in the case of
pure pH2 in the temperature range chosen,with a single relaxation

process with the relaxation time TVT S given by:
(T Yy l= x. (1 )14 x (T e (1)
VT mix H, “*N.G. LG e ® /
2 pH, -H, PH, -N. G.
- (Ty T)pH2-H9 is the relaxation time that is measured in pure pH at

the given temperature,The other quantlty(7VT)pH -N.G.1s the rela-
xation time that should be measured in a hypothetic gas, in which
only H_-noble gas collisions cause the transition. Experimental
values for this relaxation t]TO can be obtained from the experi-
mental data for CToraiy) as a function of concentration by
extrapolation to zero H2 concentration, \” = 0.

We investigated in the same way mixtures of PHy 1ndoH at T7°K.
Since at this temperature oH is completely in rotatlondl state
1 =1, it behaves like an 1n9rt gas and eq. (1) should again be
valid. From this experiment we hope to get information about the
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influence of the rotational state of the collision partner to the
relaxation process.

2. Experimental method
We employed essentially the same apparatus that S1 ui j ter

2 ; : I
et al?) used for the pure hydrogen isotopes. The original appa-
ratus consisted of two condensor-type sound transducers (see

g 1)
g H motor
gas handling
Pk system
)
generator ; 100V DC
—1 amplifier — wa vy
O4-1MH2z ;5 supply
7 Ej
7 e E; [
100V DC qasurmgé} o
. ’_" /‘ viesse) 7 band l—{ recorder
supply 4 4 detector
| i 5N ﬁ
:
Vs r2 s 08p220 20778
scope condensor
micophones

freq. control

Fig. 1, Schematic diagram of the experimental set-up.

While one microphone transmits at a steady rate the other detects
the intensity of the sound field as it moves at a constant speed
relative to the first.The received signal decreases exponentially
with increasing distance. This signal is amplified and plotted
against time by a logarithmic level recorder so that a straight
line is obtained. From the slope of this line the absorption
coefficient, @, can be determined.

Since, however, in mixtures the sound absorption coefficient
(eg.2)is much larger than in pure gases due to diffusion effects
we had to alter the apparatus slightly., If a is large the inten-
sity of the sound field decreases rapidly with distance. This
means that we had to be able to perform measurements with the
transducers very close to each other. By slowing down the travel
speed and altering the microphones slightly we could measure from
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the point where the microphone foils were in mutual contact. The
detection of smaller sound intensities, however, caused some
difficulties. We detect an acoustic signal as well as a small
electric signal which penetrates into the receiver circuit through
the slightly transparant microphone foils. If these two signals
are comparable inintensity an interference pattern arises because
the acoustic signal varies in phase and the electric pick-up sig-
nal does not., Following a suggestion of M ey er and S e s-
s 1 e r¥) the condensor paper was covered with an evaporated
aluminium film to reduce the transparancy. We had to cover the
paper when mounted, since otherwise this extra evaporated film
would crack when the paper stretched into the microphones. During
the evaporation process we had troubles with excessive outgassing
of the original polystyrene insulation in the microphones; this
difficulty was overcome by replacing the original insulation by
glass. In fig. 2 a cross-section of the new microphone in shown.

SSSXLT
-t A
=
3
.
o
N

brass

glass

Fig. 2. Cross-section of a condensor microphone.

Under the improved conditions the electric cross-talk is less
than 2.5 dB when compared with the noise of the receiver.

The measurements were performed at 77.3, 90.5, 111.5 and 170° K,
using liquid Ny, 0,, CHy and C,H, at atmospheric pressure as
refrigerant. The temperatures which were measured with a platinum
resistance thermometer were chosen in such a way as to deal al-
ways with a two-level system. The parahydrogen was prepared by
condensing normal hydrogen in a vessel filled with an iron oxide
catalyst. This parahydrogen (sz) was not used for more than three
days even though the amount of orthohydrogen was then still less
than 1% according to N.M.R. investigations. Purification of the
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noble gases was achieved by cryogenic methods, thus obtaining a

better than 99. 5% purity.

3. Evaluation of relaxation times

In chapter I1*'we deduced an expression for the sound absorption
coefficient in binary mixtures of noble gases with a two-level-
system gas. Using this expression we obtain the relaxation time
from themeasured absorption coefficients by proceeding ina manner
given below, First we calculate the difference a' = o IO 0l
with @ . given by:

ap 1 4 (% -1)% Mk
= - +y —
2
@ 2Vm75 3 Ws R

(2)

Yy = 1)

xN.G. (L = XN(;) Xx)ﬁzpc.b(l - 2 =
®

T
~)
M

Here P = pressure, « = circular frequency, V, = sound velocity in
the limit w—» , 7, = the specific heat ratio in the same limit,
7 = the shear viscosity, « = thermal conductivity, M is the ave-
rage molecular mass in the mixture: ZixiMi, x; are the molar
fractions, ™ the relative mass difference, defined as W =

(MN g MH )/M, p the mass density, D the coefficient of mutual
. G. -

diffusion and A the thermal diffusion factor, In order to calcu-

late a we used experimental values for the transport coeffi-

cients if they were available in the literature. If not, they
were calculated with the formulae 8.2 - 20, 22, 41 and 44 given
by Rirsechfielder, Curtiss and Bir d%). see
table I for the origin of the data. An impression of the order
of magnitude of the non-relaxation absorption can be obtained
from fig. 3 where o XTROS P/f2 is plotted versus concentration for
the various mixtures at 170° K. As can be seen from fig. 4 the
calculated a /f joins the experimental a/f curve at high fre-
quencies, prov1d1ng an experlmental proof of the high frequency
limit of eq. (52) in chapter i
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TABLE I

Literature sources for the transportcoefficients, used to calcu-
late to classical sound absorption.

system n K | D a

e ——— i

e BHe * * - *

*He

Ne

Ar

H, - Kr » * j) j)
H2 - Xe b) * h) 8y
a) Trautz M. and Binkel e, H.E., Ann. Phys. § (1930)
561
b) Trautz M. and Heberlin g, R., Ann. Phys. 20
(1934) 118.
| ¢) Trautz M. and Zimmermnma n, H., Ann., Phys. 22
(1935) 189.
\
\

d) Van Itterbeek, A.. Van Paei e 1l, 0. and
| Van Lierde, J., Physica 13 (1947) 88.
e) De Troyer, A.,, Van Ttterbe e k, A. and
Rietveld, A.O., Physica 17 (1951) 938.
fy Grew K.E. and I bb s, T.L., Thermal Diffusion in Gases,
(Cambridge 1953).
g) Heymann D. and Kistemake r, J
(1959) 556.
h)y Weissman S and Maso n, E.A., J.chem. Phys. 37
(1962) 1289
’ i)Bahethi, O.P., Gambhir, RS and S axen a,
S.C., 2. Naturforsch. 19a (1964) 1478.
j) Mason, E.A., I s1a mi M. and We issman, S
Phys. Fluids 7 (1964) 1011.
k) Van Ee, H, Thesis (Leiden 1966)
Van Ee, H, Knaap, H.F.P. and Beenakker
‘ J.J.M., Physica 33 (1967) to be published.
*Calculated

., Physica 25
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Fig. 3. Classical absorption factor.an ¥ P/f2 vs. concentration,
for sz-noble gas mixtures at 170 K.
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Fig. 4. In (‘ltotal/” vs.1ln (f/P) for a pHp-Ne mixture;x =0.0928,
T = 110 K with the theoretical curve for the classical sound
absorption (eq. 1).




As deduced in chapter I a' is given by the following equation:

20’k gL [1 ! ]2T (5 = Vo) (Yoo = 1) :
IR i 4 » M G it
ko 1l + w TPS TPSP)’O l 2Ys R
5 2 2
( o ~ 1)1 -w TPS ,[‘1’) 3 (3)
(68 A= D O C’“:ngs
o ' a
Xy, (1= Xy o) Y M2PD (1,5 ¢ 8- %) _NTF)}]
7@

where k is the wave number, @ is given by C'R/C (c, + c') and @
is a diffusion coefficient describing the self diffusion of the
H2 in the presence of the noble gas. The term with @ is known
to be rather small. This means that in practice the frequency
dependence of a'k/kz has the simple form(ugs /(1+a:7bs)Hence, in
order to obtain Tos from our experiments we firstly calculated
(V/V) with (V,/V)2 =1 - € azTgS/(l + “2735)' using a provisional

value for TPS. Next a'k/ko was calculated with

a'k/k? = a'/w. V . (V/V)

and plotted versus f/P on a double logarithmic scale. With a
transparant of the form y = x / (1 + x2) we obtained by means of
a shifting procedure the value of f/P where W on ™ 1 together
with the maximum value of a'k/k2 (see fig. 5). This maximum value

fr— T T
5
23 - ¥
p,ﬂ : o,
, : o,
< | N\
7 ' b
O1F Fo o\ R
A : b
o~ ”o i 5
S © '
g i
= :
P (1) mo
0.0t 1 " '
1 tlp 10 MHz/atm 100
S—

Fig. 5. 1n (u’A(vo/V)Z)vs.ln (£/P) for apH -Ne mixture x =0.0928,

T = 170 k with the theoretical curve y = x/(1+x2),
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always agreed within experimental error with thetheoretical value
RC'/4 C (C, + C'), where C' = X, C; calculated with C',  taken
from spectoscopic data®’, Apa?t ?rom a small correctf%n term
related to 9, 7,5 is found from (£/P),,—; = (2nPTyg) *L

Since the linear relation (1) holds for the isochoric isothermal
relaxation time, Ty this quantity is now calculated with
Typ = (1 # C'/Cp) 7o

4. Results

In figs. 62-8 (TVTP)‘l is plotted against concentration for
binary mixtures of pH, with 3He, %*He, Ne, Ar, Kr, Xe and 0H2.
("rVTP)'l is always found to vary linearly with concentration
within measuring accuracy, thus providing an experimental proof of
eq. 1. This linearity was tested more thoroughly for the system
sz - 4He, where a large set of measurements were performed (see
fig. Gb). Using the method of least squares we fitted a straight

1
1

£ U s £
o o
n
3 ‘ i
o - 1ooL 4

al | I
= 2
s A —
c‘O X3ie 0.5 ! % Xapie 0.5 :
Hy ———= e T e He
Fig, 6a. (TypP)~! vs. x for Fig, 6b. (TypP)-1 vs. x for
pH2§He mixtures at 170 K (O) pHo-He mixturgs at 90,5 (L)

and 170 K. (O)
line to the experimental points, intersecting x = 0 and x = 1 at
. -1 -1 : :
the values (7VTP)DH2_pH2 and (TVTP)DH2_4He respectively. The first
value was found tobe in good agreement with S 1 ui j t e r’s??™

results. The other quantity (TVTP)BA _4yer 18 the relaxation time
2
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Fig. 6g. (TVTP)‘1 vs. x for
pHg-oHy (1 =_1) mixtures at
17.3 K

that results when the hydrogen molecules undergo collisions with
4He molecules only. Since (7VTP);;2_DH2 is now kanown very accura-
tely, we can use this value as an anchor point in the (TVTP)'l VS.
concentration plots for the other mixtures in order to find
(7VTEJ ot with (1). With this procedure it turned out to be
sufficgent to investigate only 3 or 4 concentrations in the other
pH, mixtures and still obtain reliable relaxation times ,
(Tyr) pg-N.G.*

To facilitate comparison of our results with data from other
sources we also calculated the collision number Z = TVT/Tc.taking
for 7,, the mean time between two successive collisions:

T, = (mo?P)"! (mk1/8)%.

The accuracy in the absorption coefficient, @, is about 5%. For
the excess absorption, a', the accuracy varies with f/P, investi-
gated system, concentration and temperature. For this reason the
accuracy for Tyr P is not the same for the different systems and
temperatures. Results andstandard deviations are given intable II.
As can be observed from this table addition of a noble gas seems
to have the tendency to shorten the relaxation time. In this
respect argon turns out to be the most effective. An interpreta-
tion of these results on a microscopic basis will be given in
chapter 1V8),

36




TABLE II

Experimental results
system Temp. (Tyr P) a-p Z
(A - B) (°K) (10" % atm)
PH, - DH, 77.0 220t 8 715
90.5 211% 2 635
111.5 223t 4 604
170 187+ 2 411 |
PH, - oHy(1=1) | 77.0 121 5 394 |
=)
PH, - ‘He 170 110 5 194 |
pH, - ‘He | 90.5 161+ 8 369 |
170 124t 2 207 |
pH, - Ne 90.5 113+ 4 235 |
170 92t 4 140 |
pH2 - Ar 90.5 88t 4 225
170 106t 3 198 |
pH, - Kr 111.5 115t 8 2717
170 130* 8 253 |
PH, - Xe 170 158t 8 356
— J

From table II we observe also that TpHZ-pH 2 ToH,-oH,- Ihis
indicates that collisions with oH, are more effective than colli-
sions with pH, for the rotational transitions.The observed effect
can of course be accounted for by the assumption that the repul-
sive part of the sz-oH2 interaction is more asymmetric (cf.
chapter IV). Another explanation for the larger effectivity of
pHZ-on collisions, however, might be found in the occurrence of
inelastic collisions,at which apart from the 1l-transition in pH,,
also the magnetic quantum number, m, of oH2 is changed. This pro-
vides a new reaction mechanism leading also to shorter relaxation
times.
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CHAPTER III

EXPERIMENTAL DETERMINATION OF ROTA-
TIONAL RELAXATION TIMES IN ORTHO-
DEUTERIUMNOBLE GAS MIXTURES.

1. Introduction

In chapter IT!’ rotational-translational relaxation times in
mixtures of parahydrogen (pH2) with the noble gases and ortho-
hydrogen (on) were reported. In chapter v%) these data will be
compared with averaged inelastic scattering cross-sections.As one
more check on the theoretical calculations we decided to investi-
gate also the orthodeuterium (oDz)—noble gas mixtures. oD, beha-
ves like a two level system at temperatures 30 < T < 100° K.
Since in this temperature range the vapour pressures of the noble
gases Kr and Xe are too low, only mixtures of 002 with 4He, Ne
and Ar were investigated. Below 55° K sz is completely in the
rotational state 1 = 0 and was therefore expected to behave as
an inert gas atom.For this reason we also measured the rotational
relaxation time in oDz-pH2 mixtures at 45° K.

2. Experimental method

We could use the experimental setup described in chapter IIl{
Since, however, no liquids are available which could be used as
a refrigerant at temperatures between 30 and 77° K, we had to
develop a thermostat in order to measure in that range. The mea-
suring vessel was for this purpose mounted above a liquid hydrogen
bath. The vessel was cooled by the cold hydrogen vapour that flew
along it when we evaporated the hydrogen. A heating coil around
the vessel heated it if necessary. A carbon thermometer mounted
at the outside of the vessel was used as a sensor,The temperature
of the gas was measured with a platinum resistance thermometer
in thermal contact with the mounting frame of one of the micro-
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phones, This thermometer was calibrated by means of sound velo-
city measurements in pure gaseous helium.

The sound absorption coefficients were treated as described in
chapter IIl). in order to obtain the relaxation times. For the
deuterium mixtures no experimental data for the transportcoeffi-
cients were available. Therefore these coefficients were calcula-
ted with the formulae given in the book of Hir sch fel-
der, Curtiss and B i r d. Since we again expected a
linear relationship between T;; and concentration, we plotted the
inverse relaxation time versus the molar concentration in figs
1-4,

3

O (Usotm)
O (usatm)-'

n
o}
N
o}

1 accuracy : I accuracy

XHe 0.5
002 —_—

Fig 1a. (TypP)~lvs. x for Fig. 1b. (TyeP)~! vs. x for
oD2 - 4He mixtures at 44.5°K. 002 - 4He mixtures at 77.3°K.

3. Results

For all the noble gas mixtures the expected linear relationship
between (TVT)“ and concentration was found within experimental
error. A straight line was fitted through the measuring points,
the intersection of this line with X 6 =0 agreeing with S 1 u i j-
t er s*) results at 77 and 90° K. The value at Xy, = 1 is the
inverse relaxation time in a hypothetical gas,in which only 002 -
noble gas collisions cause the reaction. These relaxation times
are presented in table I, together with the standard deviations
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and the derived quantity Z, the collision number, defined

= P 8 \%
= TVT/'rc = 77'<7l2l"'r",T (T/pk )

s, x for oDy -x>H2(1=0) mixtures at 44.50 K.
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TABLE I

Experimental Results
-
system Temp Tt Z
(°K) (10"'% atm)
oD,-0D, | 31.2 | 102 t'5 370
40.6 120 + 2 381
44.5 136 * 2 413
52.5 142 + 2 399
.3 134 £ 2 308
| 90.5 126 * 2 268
| s el s |
oD,-*He | 44.5 89 * 3 238
| 13.3 86 + 3 175
| 90.5 81 +3 152
oD,-Ne 52.5 62 £ 3 126
7.3 57 + 3 96
90.5 | 58 3 91
oD,-Ar 7.3 39 + 2 79
| 90.5 52 + 3 95

where Tc is the mean time between two successive collisions.If we
compare these results with those of chapter II, we observe that
in general the relaxation times in oD, mixtures are somewhat
smaller than in the corresponding pH mixtures. Again the addition
of noble gas shortens the relaxation time, where again argon turns
out to be the most effective in shortening the relaxation times.

The results for oDz-pH2 mixtures donot obey the expected linear
relationship as can be seen in fig. 4. This may be due to the
occurrence of the quasi-resonance reaction:

sz (1=0) + OD2 (1=2) S DH2 (1=2) + oD, (1=0).

Theoretical indications forthe occurrence of this type of reaction
were reported by Van Kranendon k2 This problem is the
subject of further investigations.
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CHAPTER IV

THEORETICAL ANALYSIS OF THE RESULTS
OBTAINED IN CHAPTERS II AND III

1. Introduction

In order to interpret the results of chapter 11!’ and 1112 we
want to relate the obtained relaxation times to inelastic scatte-
ring cross sections for rotational transitions induced by noble
gas atoms. As far as we know, computations of these cross sections
are only performed for the reaction 1 = 0 — 2 of parahydrogen
induced by helium. (Rober ts®). Takayanagi?
derived, under certain simplifying assumptions, a closed formula
for rotational transition probabilities in hydrogen isotopes. As
a result of his approximations he treats essentially the transition
probability in a collision between a reacting H, molecule and a
non-reacting, spherical collision partner. In this respect his
formula will certainly be more adapted to the problem of H2 -
noble gas collisions.In view of the success obtained by S1ui j-
t erd in applying Takayanagis results in his treat-
ment of relaxation times in pure Hz- it seemed interesting to
investigate the possibilities of employing this approach also
with respect to our data for hydrogen-noble gas mixtures.

To facilitate the comparison of theory and experiment we will

first outline Takayanag.i s treatment (section 2).
Since the large mass difference between H  and the heavier noble
gases may lead to complications due to correlation effects we
treat separately (in section 3) the way in which one arrives at
the relaxation times from the inelastic scattering cross sections.
Finally, the comparison with experimental data reported in chapter

IT and III will be given in the last section.
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2. Inelastic scattering cross sections

The treatment of Takayanagiis based on the distorted
wave method (see e.g. Mo tt and Masse ys)). This method
is known to be a good approximation if the transition probabili-
ties are small. This restriction seems to give no problems in our
case where the collision number Z is never smaller than 80 (see
chapter II and III).In this approach one treats the non-spherical
part of the interaction potential as a perturbation term in the
total Hamiltonian., Hence one has first to know the wave-functions
of the unperturbed system; i.e. of the elastic scattering problem
with the radial Schrdodinger equation (atomic units are used
throughout);

d2 i (j+1) :
bl SO wpaspaipneppibingio e pysisy
l drz I‘2 I coll

We will first confine ourselves to S-wave scattering (j = 0)
and take for Vo(r) the Morse potential:

N ) e elexp { - 2a. (r-1,) }-2 exp {-aM(r-ro)}]

Here € is the depth of the potential well, r the position of the
minimum and ay a steepness parameter.For this potential S t r a-
¢ han' was able to obtain exact expressions for the wave
functions, ¢b011 (k, j = 0), of the system. The total eigenfunc-
tion for the pair of molecules is now given by

w(l, k, j =0) =<Ai2 (1), Tuokie pan- Sookl (k, j = 0).

The real interaction between the two particles will also be a
function of the orientation of the hydrogen molecule, characterized
by the angle ¢&; see fig. 1. If we develop this dependence in Le-
gendre polynomials we see that,according to the symmetries of the
system, the coefficient of the first Legendre polynomial, Pl.
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2d /A - noble gas

Fig. 1. Geometry of the hydrogen-noble gas interaction.

will vanish. Therefore we choose for the interaction potential
ViV v with V= S ew -2, (r - 15)} P, (cos ) (1)

V'will be the perturbation term in the Hamiltonian of the system.
Since for the considered transition the repulsion plays the domi-
nant role, V' is limited to a repulsive contribution only. The
transition probability for rotational transitions 1'~1 for a given
k' and j' (primes refer to the situation before the collision) is
proportional to the square of the matrix element

<y ALk H|IVIyY a,k, in>

At this point already we observe that the transition proba-
bility and thus the reaction rate will be proportional to /2.
Since, however, j and j' will in general differ from zero we need
to know the unperturbed wave-functions also forthe case of non-S-
wave scattering. Tak ay anag i overcame this difficulty in
the following way. He first neglected the influence of the change
of j' by inelastic collisions on the radial part of the matrix
element. Since A j = 0, + 2 this approximation is reasonable for
j 2> 1. Moreover he observed that the transitions will in general
occur when the molecules are at a distance rc. approximately the
hard core diameter. Since at this distance, for not too large
values of j', the local variation of the centrifugal term in the
Hamiltonian is small compared to the variations of the potential
term, he replaced the centrifugal term j (j+1)/ r2? by j (3+1)/r 2
Furthermore, he combined the kinetic and centrifugal terms
by the introduction of the new quantity, K, the modified wave
number defined as k2 = k2 - i G+ / rcz.

The problem is now formally reduced to the J = 0 case and the
Schrédinger equation reads:

dz ~
— e D =09 =
{ e + K442 pvo(r)}qfcoll{k,J—O) =0
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and thus ¢ C(Es: J) == ;coll (K, j=0). As a result of these
manipulations the transition probability, Fl,l(kf ji'y, is now
proportional to:

~N J o . 2
<y (1%, j=0) |v'| ¥ K j=0)>
Takayanagi obtained the following relation:

372 (1#1) (1+#2)  sink2mq sink2mq’
40  (21+1) (2143) (cosh2mq + cosh2rq’)?
( 2)

Flas®3D) = F &) =

3B 3 -
B2 (B a®* {148y ¢+ (1-8) ¢ 1}

A E = the energy separation of the rotational levels 1 and YA

(2'1’.5)17 e 1 /11 '
2= ¢ = P %h-d+ ig|/|l & - d+ ig')|and & =2d/80°

e = § YA
Oy
Summation over j' yields the inelastic scattering cross section

as a function of k':

'
T c ~ 277 k- r

' « 3 L ozt U ol st
Qr, (B =5 Bk’ (2840, % 5 S Bkl 3'dy
g k20

The upper limit for j' is given by the restriction that the cen-
trifugal energy is not allowed to exceed the available kinetic

energy.

3. Evaluation of relaxation times.

The isochoric isothermal relaxation time for our process can,
3 . - 8
according to Herzfeld and Litovitz ), be expres-

sed in terms of the rate constants f,’, as
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Since, however, both reaction rates are related by the equilibrium
condition,

X f =X f , this leads to:
Haotr = 0y 92 "Ha(y = 9)20
-1 I g AE\
(G i\ T s B ad - (R e s 5 Sl 4
VT | g, KT ] 02 (9

where g and g, are the statistical weights of the rotational
levels 1 = 0 and 1 = 2. We have yet to express f02 in terms of
Q(k‘). The normal procedure is to assume that the relative motion
of the colliding particles follows a Maxwell distribution,
yielding for fo2 in a parahydrogen-noble gas mixture:

@ '

; k
=2 ol gt 'y — (omu.kT)"3/2
fo2 %21.2 xin [ sz (k") 7 ks KT
exp (-k'%/2ukT) 4rk’2dk’= RS
3 8 %
=2 x. P [——) @ (D ( 6)
1=1,2 1 W#ik’r 02

where the superscripts i = 1 and 2 of Qoé denote the Hz-H2 and
H2-n0ble gas interactions respectively, X, and Xy the mole frac-
tions of H2 and the noble gas, Hy the reduced masses for the con-
sidered interactions, n = particle density and P = pressure.
Here we have introduced the mean cross section Qog (T), defined
as:

Qi (m = 202 kT-z? '3 k"2 L (k'ydk'=
o i kT) ! k" exp(-k'°/2ukT) Q, (k)dk =

2 © i D

12 ' i ' s !
¢ rak'® a2 exp(-k'%/2u kTYF L (k',§")( )
(2uikT)2 o o r i 02

c

In the last step we assumed r, to be independent of k'. To evalu-
ate these integrals we make the orthogonal transformation

k2 = k2 - (G/r)% G/r)? = k24 (G/r )2
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In terms of these new variables.QD; (T) can be expressed as

2 ® 2 ARy (2
7T ® g i -K"=(j7rc) .
P T o rak’*f d=) exp|— Fl®=
o 2(2u,kT) 2 © k2 \r, £ 441, KT 02K
3 e ( 8)
TTe [ 4R’y exp(-k Y2 kD) Fob ()
21:kT o i

For a pure gas, expressions (4), (6) and (8) also follow from a
more rigorous treatment using the Chapman-Enskog
theory in the first Sonine approximationg). There is, however,
some question whether this approach is still correct in the case
of reacting mixtures of molecules with widely different masses.

Let us first consider the case of a small amount of a heavy
relaxing gas diluted in a light noble gas. Then nearly all the
relative velocity at collisions of a pair of unlike molecules
originates from the noble gas atom velocity in the laboratory
system. Thus, if we follow the reacting molecule on its path, all
successive collisions are completely uncorrelated with respect to
their relative velocities.Consider on the other hand the opposite
case: a mixture of a small concentration of a light reacting gas
with a heavy noble gas. In this case the relative momenta at
successive collisions of a reacting gas molecule are correlated.

In the calculation of the relaxation time, or what amounts to
the same, the volume viscosity, a correlation method can be
used!?). In this type of calculations the probability that a re-
acting molecule nas suffered n collisions up to time t, N (n,t),
plays an important role. In the first example this quantity is
given by the Poisson distribution:

1 trin -t 5 %
N(m,t) =— (—) exp () with T = (Pmo?) (XL,
n! 7 [
c c
This procedure leads to the results given by egs. (3)..... (8). In

the second example, however, this type of counting is no longer
correct and the persistence of velocities must be taken into
account. This will lead to serious errors if one still calculates
7 using Poisson counting.

Our experimentally obtained relaxation times are all measured
within the concentration range 0.3<xH2 < 1. At these concentra-
tions still on the average at least one out of three successive
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collisions is a hydrogen-hydrogen encounter, which will disturb
the persistence. Since this equilibration process of the transla-
tional degrees of freedom is much faster than the relaxation pro-
cess studied in these mixtures a possible influence of this per-
sistence is very small. Hence we expect 55 ¢ TAO 4 e noo (8), to hold
in the above concentration range.From egs. (4) and (6) we deduce:
6 e [ iy ( 9)
VT i=1,2 i VT

A % ® s

with (P7 i)-l = Iexp(;¥—§\ +-§3 ‘ (__?___) 7r? [ (KT ) :
VT kT/ g, l m,.ikT S ;

’\42 l N NN
exp(-k /2yikT) F02 (k) kdk

~

Here we made use of the transformation ﬁ" = k with the relation:
(k'y2= K2 4+ 2 ﬂiAQ E

Note that (9) is identical to eq. (1) in chapter II; its line-
arity in the concentration range considered is confirmed by the
experiments, providing evidence in favour ofthe above assumptions.

For the systems investigated in our experimental work!®2) we
evaluated (2) using the potential parameters given in table I.
The Morse potential parameters for the hydrogen isotopes were
taken as in the calculations of Takayanagi® and D a -
vison!'!', For the noble gases neon and argon we used the pa-
rameters given by Konowalow and Hirschf el -
d e r!'?) and we used the combination rules deduced by Saxen a
and Gambhir'® to obtain the parameters for the interac-
tion Hy-noble gas: €190 Qg and (ro)xz'

For the other noble gases no Morse potential parameters were
available in literature, so we calculated them by matching the
Morse potential with the Lennard-Jones 6-12 poten-
tial in the energy range of interest. The Lennard-Jo-
n e s parameters were taken from the table given by Hi rsch-
felder et al.!® using the normal combination rules. The
complex gamma functions were interpolated from!®). Results of the
calculations are shown in fig. 3 for two typical examples.
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TABLE I.

1
‘Morse potential parameters used in order to calculate the
‘ rotational transition probabilities with eq. (2)

n
J.M

a.u.

|
|
|
|
|
|




pH, - Ar (1)

o &Y 10 20 30 au. 40
—_—

Fig. 2. Fog/ﬁz versus (k')2 for pHa - Ne and pHg - Ar interactions,
calculated with eq. (2).

4. Discussion

Using eq. (10) the quantity rc2 L‘§WTVT was calculated numeri-
cally. We did not use the analytic procedure of S 1 u i jterd®
and Jonkman!® because this turned out to be less accurate
at lower temperatures. Division of rc2 AZTVT P by the experimen-
tal values for TVTP from chapters II and III yields values for
r, /. To compare the different systems, we normalized r, with o,
for the combination considered. Values of Typ P and T nﬂﬁlg are
given in table II. The last quantity turns out to be markedly
dependent on temperature contrary to what one might expect. Our
data give the impression that 3 gVle isa function of T* :kT/c12
This is concluded from figs. 3 and 4 where the logarithm of
rc‘fﬁ712 is plotted versus T* -!.This corresponds to an incorrect
prediction of the temperature dependence of Ty by the Taka-
y ana g i approach, The observed dependence on T* suggests that
the reason for the failure of the T—approach arises from the ne-
glection of the non-sphericity in the attractive part of the
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Values of (rcch,q) obtained from a comparison of Typ P with the

System

pHy-pH,

pH, - *He

pH, - e

pH_- Ne

pllz- Ar

TABLE II

present theory. (7,.P in 10°10 s, atm).

40.6

0.186

111

0.146
0.135

106

0.142

0.138
0.134

130

0.120
0.114




10 54 3 2 TS 1

o 4 ——TYTT""ﬁr R I I L
O pH,-He (Roberts)

Fig. 3. The value of B rC/Ulz, obtained from a comparison of the
experimental data (chapters II and III) with eq. (2), plotted
versus the inverse reduced temperature, (T*) . for hydrogen
isotope-noble gas interactions.

+ pHy - 3He

O pHy - %He

V pHy - Ne
[JPHg =~ Ar for the three sets of potential parameters given in
table I.
X PHp - Kr for two sets of potential parameters
A pPHy = Xe for two sets of potential parameters.
0Dy ~ dHe

L
W oDo - Ne
=]

oDy - Ar for two sets of potential parameters,




02 'lll T l y "™ T '
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] e 9,——<y~‘>”° "
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o (r*)"! (o} 1

Fig. 4. The value of B r,/9;,, obtained from a comparison of the
experimental data (chapters II and III) with eq. (2), plotted
versus the inverse reduced temperature, (T')’l,for pHy - pHg and
oDy - oDy interactions.

O pHg - pHy
® oDg - oDy

+ pHa - pHg In this case 7yyp is compared with inelastic colli-
sion cross sections computed by D a v i s o nll),

potential. To explain the observed effect, however, the coefficient
of the second Legendre polynomial connected with the attractive
part must have the opposite sign to 5. This would correspond to a
polarisability tensor with a,>a y, which contradicts, however,
the experimental and theoretical results!4)!7) Also the use ofthe
Morse potential instead of a more realistic one cannot be the
cause of the breakdown of the theory, as can be seen as follows.
Davison!l computed the inelastic scattering cross sections
for rotational transitions inpH,-pH, interactions with adistorted
wave approximation given by Art hur sandDalgarnol®),
using both the Morse and the Buckingham exp-6 potentials. In each
case his results were in fair agreement with the experiments of
Sluijter et al.’,6 while in this case the temperature
dependence of Tot predicted by Ta kayanagi is again in-
correct (fig. 4). Also different values for the potential parame-
ters cannot explain the wrong temperature dependence : variation
of . changes the absolute value of 3 but the influence in the
temperature dependence is small as can be seen in fig. 3, where
we plotted the results of calculations for e.g. Hy - Ar for three
different values of a,. So the reason for the discrepancy must be
inherent in the modified wave approximation. It is, however,
difficult to pinpoint the exact place where thetheory breaks down.
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We have tried to fit our data for Hy - *He with the calculations
of Robert sa). In this case a significant temperature depen-
dence of [ also results. Here, however, the reason is clear;
since the author neglected the attractive part of the spherical
potential his transition probabilities at small incoming wave-
numbers are too small. As a result, at lower temperatures larger
values of (5 are needed to fit the experiments (see fig. 3).

From the foregoing it is clear that the values of ;L‘vrc/o12 that
follow from a fit with the Modified Wave theory are rather uncer-
tain. It is, however, rather comforting that the Hartree-Fock
type calculations of Krauss and M i e !9 on the interac-
tion of H, with He yield a value for S = 0.18, which is in fair
agreement with our result, assuming that e Oi9. We can also
conclude from fig. 3, that 53 decreases with increasing<712. This
is in agreement with the trend predicted by the model suggested
by de Boe r2%. He assumes, within the hydrogen molecule,
two point centers of a repulsion that decays exponentially with
distance (see fig. 1). The repulsive potential is then given by:

V(r) = %D {exp (-2ar,) + exp(-2ar,)}
Shmed<<r,q.2?r(li(Wn cos ),
This leads to V (r) = D exp (-2ar) {1 + a2d2cos29)
242,

Comparison with (1) yields £ = 2a

Wi

From the behaviour of the Buckingham exp-six potential we know
that a is roughly proportional to 612". So, we expect [ to be
proportional too, ;2

Furthermore we observe that [ for pHT4He and pH2-3He are equal
within the claimed accuracy. Finally from fig. 3 it appears that
the combinations with D, have smaller asymmetries than the cor-
responding PH, combinations. In our opinion it is however too
early to draw more than qualitative conclusions until new compu-
tational work on the inelastic cross sections becomes available.
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SAMENVATTING

In dit proefschrift worden acoustische metingen van rotatie-
translatie relaxatietijden in waterstof-edelgas mengsels beschre-
ven en geinterpreteerd. Genoemde relaxatietijden beschrijven de
energie-uitwisseling tussen de uit- en inwendige vrijheidsgraden
van de waterstof-moleculen. Aangezien deze uitwisseling slechts
bij moleculaire botsingen tot stand kan komen is direct in te zien
dat de relaxatietijd omgekeerd evenredig is met de dichtheid en
dus ook met de druk. Tevens kan men hieruit afleiden, dat de re-
ciproke waarde van de isochoor- isotherme relaxatietijd, Typ €€
lineaire functie van de edelgas-concentratie zal zijn. Dit is ex-
perimenteel geverifieerd voor mengsels van parawaterstof metSHe,
4He, Ne, Ar, Kr en Xe bij temperaturen tussen 77 en 170° K. In
dit temperatuurgebied zijn slechts de rotatieniveaux 1 = 0 en
1 = 2 van waterstof bezet. Een analoge serie metingen werd uitge-
voerd aan orthodeuterium, gemengd met 4He, Ne en Ar in het tem-
peratuurgebied 55 <T <90° K, waarin oD, een twee-niveaux systeem
is. Ook in dit geval bleken bovengenoemde verbanden te gelden.

Door extrapolatie van (TV,‘.P)’l naar X, y.igas = 1 werd een rela-
xatietijd bepaald welke zou optreden in een hypothetisch gas,
waarin slechts waterstof-edelgas botsingen plaats zouden hebben.
Deze relaxatietijd is voor theoretische interpretatie op micros-
copische basis toegankelijk. Ze is verwant aan de overgangswaar-
schijnlijkheid van de waterstof-moleculen voor het proces 1 =0-2,
geinduceerd door botsingen met edelgas-atomen.Deze kan worden be-
rekend als functie van de onderlinge snelheid der deelnemende mo-

leculen, mits een uitdrukking voor de energetische wisselwerking
van deze moleculen als functie van afstand en orientatie gegeven

is. Voor het geval het bolronde deel van de wisselwerking gegeven
is door de z.g. Morse-potentiaal en het hoek-afhankelijk deel
gemoduleerd wordt door een 2° Legendre-polynoom, P2 (cos &), heeft
Takayanagdieen formule afgeleid voor genoemde overgangs-
waarschijnlijkheid. Met behulp van deze relatie werd vcor alle
hier onderzochte systemen deovergangswaarschijnlijkheid berekend.
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Integratie van deze overgangswaarschijnlijkheden over derelatieve
snelheden tenslotte, leidde tot numerieke waarden voor de groot-
heid ﬁzrVT, waarin O de asymmetrie-parameter in de interactie-po-
tentiaal is. Het bleek dat de temperatuurafhankelijkheid van deze
grootheid afweek van die welke experimenteel gevonden werd. Het
vermoeden lijkt gerechtvaardigd dat deze discrepantie het gevolg
is van de door Takayanagi gebruikte benaderingsmethode.

Ondanks het falen van de theorie op dit punt is het toch moge-
lijk een aantal qualitatieve conclusies te trekken aangaande de
waarde van /5 voor de gekozen waterstofisotoop-edelgas combina-
ties. Het blijkt, dat £ afneemt met toenemend moleculairgewicht
van het edelgas. Verder zijn de waarden van 5 voor de deuterium-
combinaties altijd kleiner dan die van de overeenkomstige water-
stof- combinaties.

Naast het reeds besproken werk aan waterstof-edelgas combina-
ties zijn metingen verricht aan de volgende mengsels: a) PHy - oH,
mengsels bij 77° K. Bij deze temperatuur bevindt OH zich vrijwef
uitsluitend in rotatietoestand 1 = 1. Om deze reden kan men in
principe verwachten dat ook in dit geval (7 P)'l een lineair
verloop met de concentratie zal vertonen. D1t blijkt inderdaad
het geval. De door extrapolatie verkregen relaxatietijd voor één
molecul e sz in een on omgeving blijkt kleiner te zijn dan de
relaxatietijd in zuiver PH, bij dezelfde temperatuur. Dit zou
kunnen wijzen op overgangen van het magnetisch quantumgetal in

oH,, sxmultaan met de l-overgangen in pH,. b) oD,-pH, mengsels
bij 45 K.In dit geval is PH, vrijwel geheel in de grond toestand
(1= . Om dezelfde reden als in geval a) verwachten w1J ook
voor d1t mengsel weer een lineair verloop van (T P) ™" met de
concentratie. De meetnauwkeurigheid in aanmerking genomon blijkt
het onmogelijk een rechte door de meetpunten aan te brengen. Het
ziet er naar uit dat behalve de 1 = 0 — 2 overgang van het deute-
rium met onveranderde botsingspartner ook de "quasi-resonance" re-
actie optreedt, welke reeds op theoretische gronden voorspeld
werd door Van Kranendonk

7o

oD, (1=2) + pH, (1=0) = oD, (1=0) + pH, (1=2)

Door de symmetrie van de rotatietoestanden zou deze reactie een
grote waarschijnlijkheid hebben, leidend tot kortere relaxatie-
tijden bij een mengverhouding van 50-50%. Dit werd experimenteel
waargenomen.

61




Teneinde te voldoen aan het verzoek van de faculteit der Wis-
kunde en Natuurwetenschappen volgt hier een kort overzicht van
mijn studie.

In 1954 werd het eindexamen H.B.S.-B afgelegd als afsluiting van
mijn opleiding van de Mathenesser H.B.S. in Rotterdam. Hierna was
ik tot 1957 als fysisch-chemisch analyst werkzaam in het Unilever
Research Laboratorium in Zwijndrecht en later in Vlaardingen.
Hier verrichtte ik onder meer een calorimetrisch onderzoek naar
de smelteigenschappen van eetbare olién en vetten.In deze periode
behaalde ik de diploma’s "Leerling Analyst" en "Candidaat Tech-
nisch Chemicus P.B.N.A.". In 1957 begon ik met mijn studie in de
natuurkunde aan de Rijksuniversiteit te Leiden waar mij in nov.
1961 het candidaatsexamen studieletter a' werd afgenomen. In deze
periode werkte ik in de academische vakanties als research-mede-
werker in het Unilever Research Laboratorium; nu echter aan de
bestudering van rheologische eigenschappen van grenslagen onder
leiding van Dr. M. van de Temp e 1.

Na mijn candidaatsexamen werd ik opgenomen in de groep molecu-
laire natuurkunde van het Kamerlingh Onnes Laboratorium. Aanvan-
kelijk assisteerde ik Dr. G.C.F.F.M. Sc o 1l e s in het begin-
stadium van de experimenten betreffende deinvloed van magnetische
velden op de transportgrootheden van gassen.Hierna heb ik deelge-
nomen aan een onderzoek naar het verschil in polariseerbaarheid
tussen de waterstofisotopen in hun ortho-en para-modificaties.
Gedurende de zomer van 1963 werkte ik enkele maanden op het Labo-
ratorium voor Lage Temperaturen en Technische Physica in Leuven
onder leiding van Prof. Dr. A, van I tterbeek aan metingen
van de warmtegeleiding van koper bij zeer lage temperaturen.Vanaf
oktober 1963 assisteerde ik Dr. C.G. Sl ui jter bij de af-
ronding van zijn onderzoek aan rotatie-relaxatie in de zuivere
waterstof-isotopen, beschreven in zijn proefschrift. Dit was te-
vens de aanloop van mijn promotie-onderzoek. In 1962 werd ik as-
sistent op het prae-candidaten practicum. Na mijn doctoraal exa-
men experimentele natuurkunde met bijvak wiskunde in oktober 1964
werd ik aangesteld als wetenschappelijk medewerker in gewoon ver-
band bij de Stichting voor Fundamenteel Onderzoek der Materie,
F.0.M. In deze functie verrichtte ik het in dit proefschrift be-
schreven onderzoek in de werkgroep voor moleculaire natuurkunde,
waarvan in Leiden de leiding berust bij Prof. Dr. K.W. Taco -
nis en bij mijn promotor, Prof. Dr. J.J.M. Beenakker

De discussies met Prof. Dr.P. Mazur, Dr.H.F.P. Knaap
en Dr.A. L e vi waren een belangrijke steun bij het volbrengen
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van dit promotie-onderzoek, waarbij ik verder geassisteerd werd
door Dr.I Ertas, Dr.R.A. Aziz Drs.G.J. Pran gs -
ma S. Emid, RAJ. Keijser en J.P.J. Heems -
k e r k. Technische hulp had ik in bijzonder van de heren J.M.
Verbeek, C. Le Pair, J.de VinkenT Nie-
b o e r. Ik heb een dankbaar gebruik gemaakt van het uitgebreide
literatuur- documentatiesysteem van de groep molecuul fysica, dat
onder de leiding van Dr. A.0. Rietveld regelmatig wordt
aangevuld. De tekeningen zijn van de hand van de heer W.F. T e -
gelaar, het typewerk werd op voortreffelijke wijze verzorgd
door mej. A.M. Aschoff en Dr. FR. McCourt
heeft bijgedragen tot de leesbaarheid van dit proefschrift door
een aantal taalkundige correcties aan te brengen. Ik maak van
deze gelegenheid gebruik al diegenen te bedanken die hebben mee-
gewerkt aan het tot stand komen van dit proefschrift.

63






STELLINGEN

Gezien de resultaten van dit proefschrift is het wenselijk de
berekeningen van Davison voor rotatie-overgangswaarschijnlijk-
heden in waterstof-waterstof interacties uit te breiden met
die in waterstof-edelgas interacties.

W.D. Davison, Disc. Farad. Soc. 33 (1962) 71.

Bij de interpretatie van geluidsdispersie metingen in een
relaxerend gas moet men bedenken dat de correctie, welke op-
treedt door inwerking van het relaxatieproces op de absorptie
ten gevolge van viscositeit, warmtegeleiding en diffusie, en
de gebruikelijk aangebrachte correctie, veroorzaakt door de
totale geluidsabsorptie, van gelijke orde-grootte zijn.

Dit proefschrift hoofdstuk I.
De wijze waarop Durbin en Kobayashi de experimentele condities
in hun diffusie experimenten variéren, leidt niet tot verhoogde

betrouwbaarheid van hun resultaat.

L. Durbin and R. Kobayashi, J.chem.Phys. 37 (1962)
1643.

De volumenviscositeit van meeratomige gassen hangt niet van de
magnetische veldsterkte af in die mate als door Kagan is voor-
speld.

J. Kagan and L. Maksimov, Z.E.T.F. 51 (1966) 1893.
Bij een experimentele studie van het geluidsspectrum van de
gitaar is het in beginsel onverstandig om zoals Jovicic het

instrument apojando te bespelen.

J. Jovicic, Acustica 18 (1967) 113.







10.

11.

12.

Het is gebruikelijk Hall-spanningen te meten met behulp van
een preparaat uitgevoerd met 3 spanningscontacten in een
potentiometer—schakeling. Bij het meten van Hall-spanningen in
supergeleiders van de 2° soort verdient het echter de voorkeur
het preparaat uit te voeren met twee vaste spanningscontacten.

De argumenten die Winter aanvoert om te bewijzen dat de spin-
-rooster relaxatietijden van de kernmomenten van !°F in LiF in
be langrijke mate worden bepaald door "kernspin-diffusie" zijn
onjuist.

J. Winter, C.R. Acad. Sci. 249 (1959) 2192
A. Abragam, Princ. of Nucl.Magn.,chapter 1X,0xford
Univ. Press 1961.

De bewering van Flippen, dat de verlaging van de kritische
veldsterkte ch in supergeleiders van de 2°® soort in pulsvelden
bij toenemende stijgsnelheid van het magneetveld door onom-
keerbare warmteproductie veroorzaakt kan worden,is aan twijfel
onderhevig.

R.B. Flippen, Phys. Rev. 137 (1965) A 1822.

Uit metingen van de dempingscoéfficiént van oppervlakte-rim-
pels verkrijgen Davies en Vose relaxatiefrequenties voor de
uitwisseling van oppervlakteactieve moleculen tussen oppervlak
en oplossing. Deze interpretatie is aanvechtbaar.

J.T. Davies en R.W. Vose, Proc. Roy. Soc. A 286
(1965) 218.

Uit hydrostatische overwegingen verdient voor de behandeling
van hydrocephalus internus communicans bij volwassenen de
atrio-ventriculaire shunt met klepmechanisme de voorkeur boven
de lumbo-peritoneale drainage.

De conclusies gegeven in het "verslag van een enquéte in april
1967 gehouden onder de eerste jaars wis-, natuur- en sterre-
kunde te Leiden" volgen niet logisch uit de enquéte-resultaten.

De beroepskleding van uitvoerende musici is in het algemeen
bijzonder ondoelmatig.












