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STUDIA UNIV PBABES-BOLYAI, PHYSICA, XXVIII, 1983

ELECTRON MAGNETIC RESONANCE STUDY OF RARE ¥ARTH
ZEOLITES*

LENNOX ITON**, ALEXANDR U NICULA and JOHN TURKEVICH**

As a continuation of studies of the EPR of metal 1ons i zeolites [1] we
are investigating all the rare earth ions except Promethium, mtroduced in so-
dium Y zeolites and some into mordenite These have been examined both at
X and Q band and at temperatures of 4°K, 77°K and 300°K These were exami-
ned both in hydrated and calcined (820 K) forms, and y — wrradiated at 77°K

As expected, only the S-state rare earth ions, GA(III) and Eu(II), gave ESR
spectra at room temperature All the non-S-state rare earth 1ons except Sm(III)
gave spectra at 4°K, the principal features being given by the g values, with
corresponding lmme widths in parentheses given i gauss, for the hydrated and
calcined forms

Rare earth Hydrated zeolites Calcmmed zeolites
elements

Ce 1 98(2500G), 5 6(100) 1 64(1900), 5 6(100)
Pr — 0 57(200)

Nd 2 73(1250) disappears

Tb 22(700) disappears

Dy 5 45(1270), 2 11(80), 2 26(80) 7 80(960)

Ho 17 5(350), 6 0(240) disappears

Er 6 55(1240) 7 12(760)

Tm 17 7(600) disappears

Yb 3 45(2550) 4 77(220), 2 98(640)

A detailed analysis of thesc spectra must await completion ot further study
Several points can be brought out Spectra are obtained not only for the 1ons
with odd number of clectrons (Kramers 1ons), but also for those with even
number of electrons, Tb, Ho, Tm. No spectrum was observed for the Samarium
ion This may be due to the EPR lying beyond the vailable X-band magnetic
field of 12 XG (g < 0,55), perhaps due to the influence of a lowlymng excited
state The extieme width of the lines may be due either to short spin lattice
relation times or to large spui-spin interaction of those rather heavily doped
samples Changes engendered by calcining are quite marked as the preliminary
data given above show No effect of gamma irradiation on the rare earth 1on
signals was noted 1n the above samples, indicating that valence changes in the
rare earth, 1f they occur, were not extensive

* This work was performed mm 1972 in the laboratories of the Princeton Umiversity An abs-
troct of the peper concernming this work was published in Nucl Sa  Abstr 28(9), 20764(1973) Taking,
mto acconut the importance of these results we consider as necessary the publication of the whole
paper, even or the work was performed several years ago We believe that paper can be a real
help tor the sesvarches 1 magndlic resonance, as 1t contamns a full study of the rare earth elements
i scohites, a study whieh to pur knowledge, was never performed smce In our laboratory at
University of Cluy we have done some research m this field, mainly on Gd and Eu (see Al Ni-~
cula, Netonanla wmagncticd, ED P, Buauests, 1980)

** Princeton University, Princeten, N J 08540 US A
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Extensive investigations were carried out on the 3S;, state rare earth
1ons GA(III) and Eu(II), since their relatively long relaxation time permitted
observation of the EPR signals at 300°K and 77°K The following general ob-
servations can be made

The spectra of GA(III) and Eu(II) are complex, quite different from the sharp
lines of fine structure and hyperfine structure we have observed for Eu(II)
1n powders of KCl, ZnS cubic, ZnS hexagonal [2]. They are similar in appearance
to GA(III) found in glasses It must be concluded that the rare earth ions in
calcined zeolites are in a very strong, asymmetric crystalline field, comparable’
to or stronger than the Zeeman field produced by the magnetic fields of ’che’
measurement (3,000 gauss) — (14,000 gauss).

The spectrum does not differ if the cubic Y zeolite 1s replaced by the ortho-
rombic mordenite host crystal. Further, the hydrogen reduced Eu,0,, behaves
in a similar manner to GA4(III) in zeolites.

The spectrum of calcined Gd(III) zeolite (Fig A) and that of Eu(II) zeo-
lite produced by hydrogen reduction (Fig B) are different; this in spite of the’

A.Gd-y—ZEOLITE CALCINED

Yol (A B f
50 143 584 425 335 278 194

! B. Eu-y-ZECLITE REDUCED

A

102 622 455 2.79 4
228 49y

C Eu-y-ZEOLITE —y—IRRADIATED

Fig 1.
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fact that they are in the same state and should be subject to the same crys-
talline field. Furthermore, Karapetyamn et al. [3] have found that Gd*+
and Eu?+ in zinc phosphate glass give identical spectra. This discrepancy was
resolved when the Eu(II)-Y-zeolite was produced from Eu(III), not by hydrogen
reduction at 720°K, but by gamma irradiation at 77°K Then a spectrum quite
similar to that of GA(III) was obtained (Fig. C). This would indicate that follo-
wing high temperature reduction a substantial amount of Eu(II) occupies another
site whose crystal field parameters are stonger, as we shall show below, than
those experienced by the GA(III) ion.

The behaviour of Eu(II) 1on is different in another respect. On reoxidation
of the Eu(II) zeolite, the characteristic features of the Eu(II) ion disappear
However a broad line centered at g = 2 - 46 (1400G) at 300°K, and at 2 - 6
(1550G) at 77°K, with temperature-independent intensity appears 7The same
line appears following hydrogen reduction and reoxidation of Eu,O; (7 prm
impurity of Fe),[4] and does not appear in similar treatment of Gd zeolite This
apparently ferromagnetic type resonance may conceivably be due to Eu,O,,
sumilar to Fe,O, [5] The latter we might expect to find also in the Gd zeolite,
but not 1n Eu,0, with its small iron content Thus 1n the important phase of
reoxidation of a cracking catalyst, such a species as Eu;O, may play a role

Let us now examine in more detail the crystal field parameters of the
S-state 1ons GA(III) and Eu(II) It must be noted that action of the crystal
field on S state ions occurs via high order mechanism, the theory of which is
not well developed [6]. The 85, state is split by a crystal field of sufficient sym-
metry into four different levels with values of m, ranging from 47/2 to 4-1/2
These doublets are themselves split in varying degree, shifted with respect to
each other and 1 an absolute sense, by the applied external field We wish
to use the following spin Hamiltonian, orthorombic 1n the crystal field interac-
tion, with D the axial parameter and E the orthorombic parameter, and trun-
cated to the second order in spin operators

= % =gH S-+{D(S;— 1/3S(S+ 1)) + E(S: — Si).

The ratio E/D serves as a symmetry parameter with limit 0 corresponding to
purely axial symmetry, and limit 0,33 to a large rhombic component Nicklin
has computer calculated the g values obtained for such a system as a function
of D, E and H for various wavelenghths of microwave radiation The experimen-
tal basis of our evaluation of the crystal fields in comparison of the spectra that
we obtain for the calcined Gd and Eu zeolite at two frequencies, 9 3 and 34 - 2
GHz, with those calculated and observed by Nicklin The spectrum of calcined
Gd zeolite at 77°K has a strong line at g =1 98 (245G), with a weak line at g =
=590 (140G), an asymmetric cluster at g =2 - 79, and a signal at g = 50.
The spectrum at 34 - 2 GHz is markedly different consisting of one line at g =
=1 -98 (700 gauss). We are thus dealing with a situation where the Zeeman
energy 1n the X-band region 1s comparable to the spiltting produced by the crys-
tal field At Q band the Zeeman energy is substantially larger Sinceourspectrum
is similar at both frequencies to those of Nicklin on GdA(III) in soda silicate glass,
we adopt his parameter values: [D|=2-06GHz, |E|=0-62GHz and
|E/D| = 0 - 30. The last value indicates that the crystal field has a strong rhom-
bic character
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The spectrum of the Eu(II) ¥ zeolite produced by high temperature reduc-
ting, appears to be composite. It is characterized by a strong, fairly narrow
line at g = 4 55 (260G), as well as absorption at g = 6.2 and 2 79. Structure in
the g = 2 region 1s markedly less intense than in the Gd zeolite The spectrum
retains complex character at 34 GHz frequency, although its form is consi-
derably changed This suggests that the Zeeman effect does not completely
dominate, even at 34 HGz, i e the crystal field effect issubstantially stronger
in the site appropriate to the g = 4.55 signal than in the other site Wees-
timate bounding ranges for the value of the crystal field parametersappro-
priate to this signal as:

9 GHz < |D| < 34 GHz and |E/D| = 0,10.

Now, the appearance of such a signal would not be sensitive to the absolute
value of D and E, but 1s determined completely by the ratio E/D Thus best
concordance with the observed spectrum 1s given for |E/D| = 0.10, for which
the zero-field energies of the four doublets are —5.33, —277, 107, 7.02in ar-
bitrary units Then, the next to the lowest line (at —2,77) gives as almost
isotopic g value with g, = 4.653; g, = 4 555 and g, = 5.188, while the other
three doublets would give values that are either outside the range of the 1nstru-
ment or with such highly anisotropic g component values (g.g,g,) that avera-
ging over all orientations would at best give a very broad smear

In conclusion, we wish to report that the EPR on hydrated Gd(III)-Y-
zeolite shows at room temperature a strong symmetric resonance at ¢ =199
(850G) and very weak resonances at g = 590 and 130, similar to an aqueous
GdCl; (19%,) solution which also exhibits a single line at g = 1995 (350G).
On cooling to 77°K the hydrated Gd zeolite to 77°K, the spectrum becomes
complex with new lines appearing at g = 5.90 {140G), an asymmetric cluster
at g =279 and 2 4. This 1s to be contrasted to the behaviour of the aqueous
GdCl, salt which at 77°K merely broadens (1080G) maintaining its symmetric
shape. This must indicate that on lowering the temperature the Gd 1on in the
large cavity interacts with the ions of the zeolite framework The same beha-
biour was found in Cu(II) zeolite [1]

( Recesved Seplember 20, 1982)
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CERCETARI DE REZONANTA MAGNETICA ELECTRONICA ASUPRA ELEMENTELOR
RARE IN ZEOLITI

(Rezumat)

(3T

Ca o continuare a studulor de RPE ale ionilor metalict In zeolift expuse in lucririle de la
bibliografia [1], am investigat tof1 ionu din seria elementelor rare, cu exceptia jonulm Promethinm,
introduyt in zeolits ¥ de sodmn 1 unn in mordenift. 1 au fost cercetafr atit in banda X cit g¢i In
banda Q la temperaturile de 4°K, 77°K si 300°K, in stare hidratati si calcinati iar unele probe
au fost radiate cu radiafil y la temperatura de 77°K. Interpretarea spectrelor a fost ficutd folo-
sind formalismul hamiltomanului din rezonanta magnetic, refinind termemi de diferite simetrii i

diferite t#rii in funcf{ie de ionul in discutse.
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‘UN STUDIU AL INFLUENTEI CIMPULUI MAGNETIC ASUPRA
FLUIDULUI CONDUCTOR TURBULENT

STELIANA CODREANU

. Modul in care migcarea turbulentd a unui mediu conductor electric este
mfluentata de prezenfa unui cimp magnetic, Teprezintd una din problemele des
intilnite in fizica cosmicd. Ea a fost pentru prima dati investigati de B. L eh-
nert [l], si apoi de alfi cercetdtori printre care R. B. Deissler [2],
H X Moffat [3], K. H Réiddler [4], L, G. Ghenin, S P.
Mangha, V G Sviridov [§]

In prezentul studiul no1 ne propunem sa facem o analizi calitativi a pro-
blemei in cazul in care mediul turbulent conductor este incompresibil si omogen,
iar cimpul magnetic impus este uniform

Ecuatiile fundamentale necesare studiulwi sint ecuatiile magnetohidrodina-
mici1 §i anume *

— ecuatia Navier-Stokes

-§+WWu=—;%+ww+—7xB (1)
P
— ecuajia de continuitate
Vo =0 2)
— ecuatfiile lw1 Maxwell
B =py (3)
VXE=-28 (4)
a
VB=0 (5)
— legea lui Ohm generalizati
}=cﬁ+;¢'x]§—i;x§J (6)
A en
in care
% — viteza mediului, p — densitatea masici, p — presiunea hidrodi-
namicd, v — coeficientul de viscozitate cinematic, ¢ — conductivitatea
electricd, ¢ — sarcina electronului, # — numirul de electroni, u — per-
meabilitatea magneticid, E — cimpul electric, B — inductia magnetici.

In relatia (6), ultimul termen tine seama de existenfa curentului Hall.
Tinind cont de (3), relatia (6) devine

L(VxX B)=oF + ofu x B)— = (Vv x[B) x B (7)
B enp
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Aplicind rotorul ecuatier (7) si finind cont de (2), (4) si (5), precum si de
faptul ca ]

(VX%)XI?z(ﬁV)E—%ABz (8)
obtinem
aE — — — — 1 A-—Z:); 1 — —
- = (BV)u — (uV)B+ — —— Vx(BV)B (9)
uo enp.

De asemenea tinind cont de (3) st (8), ecuatia (1) devine

S vy =— L vp 4 vau + L[ (B V)}}_lVBz} (10)
o e g 2
Ecuatille (9) st (10) pot fi scrise pe componente astfel -
8B, & 1 2B, 1 3%(BBy)
—== (Bu, —u,B -— - — - 11
ot ah( . * ') po dxh enp S %3 ( )
au 2 1 dp Puy 1 9(B:By) 1 3(B3
ot + 31;,( * ‘) p dxq¢ v 3%2 + o Om Zop Oxy ( )

in care

0 daci existi o coincidenf{d de indict
g = +1 dacid indicii sint In ordine ciclicd
—1 daci indicii sint in ordine neciclicd
(2, 7, R, 1=1, 2, 3)
In ecuatiile (11) si (12) nu se face insumarea dupi indicele i

Admitind ci viteza medrului intr-un punct se compune din viteza medie si
viteza pulsatorie, mediul considerat fuind omogen, viteza medie va fi nuld g1 ast-
fel ecuatia (12) descrie tocmai evolufia in timp a componentei 1 a vitezei pul-
satorii dintr-un punct

Cimpul magnetic, in orice punct al mediului, este dat de cimpul magnetic
impus B° s1 de cimpul magnetic pulsatoriu b, adici

B—B°+73 (13)

Tinind cont de (13) si de faptul ci B° este constant, ecuatule (11) si (12)
se pot scrie:

2 d 19 &u, 1 o, b

b ) = — = T (B ) (T - (1)

ot X [ 6%, axk (<] 8x,, 3x;
b, 0 N b, 1 0%, €k 0 9% b, 2b,,]
Pt (BY - b,) Py P L0 (B0 g e I 15
ot (Bi 4 b:) dxy ¥ 0%y T p.cvaxi enp. [ ( + b 0% 0%, T 0%y 0%, ( )

S% admitem ci cimpul magnetic exterior impus este mult mai mare decit
cimpul magnetic pulsatoriu. In acest caz, in expresule in care apare (BY 4 b,)
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il vom neglija pe 4,. Inmultind apoi (14) cu %, (15) cu b, st efectuind medierea,
vom avea -

Z 5D+ <“‘“ = ‘l< ax‘>+ (ugi)+
RS B°l<u, ‘”" %>l (16)

2 GO+ Bk<” ap — oSS+ (BT =
it G 8 ) o

Remarcind cd in cazul turbulenter omogene, mirimile mediate nu variazi
in functie de coordonate, in ecuatia (16) putem face urmitoarele modificiri:

<u,uka"‘ = tuuu) — < (u, 4, >~——< ua“‘
17} dx;,

("’_"* =0, mediul fiind incompresibﬂ)

o0x;,

<u, o > = (u‘p) — <;b a“‘> <p Dut (nu se insumeazi dupd i)

ax,
<“' i) =y~ o= <o
Gy = am o= oy = =05
si analog < bs > <b z:‘>

Astfel ecuatia (16) se simplificd devenind:

RSP CE AR Dt (- G- L

Efectuind transformiri similare in ecuatia (17), si anume:
<b‘ ) 3b.> =0, <b aab,> <ab, ab‘>
ox dxh 0%y 0¥y
(o=~ o
axiax, 3x, 3x,
o /RN B, au‘> 1 gab, ab,>
ot <2 > k< 0%, 0%y, 0% +

+ sk [ 3b; ab,> < ab, (&.>| (1.9)
enp 0% 0%y dx; 0%

obtinem
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Daci inmul$im ecuatia (18) cu p si impartim ecuatia (19) cu p, vom avea:

a<e “’> <PZZI> 1o T B a“’> (i 552] 0

III
314 v b, ob € 0 / dby ob
_—B<b ‘> dm __'__‘> H*[B 9be OB\ __
< > k 31,, ox 0%, + enyt 9 3x,>
IIT v (21)
_ <b by abL>]
3x, 8x,
in care 0 = vp, iar v, = L este coeficientul de viscozitate magneticd.

pno
Semnificatia fizici a termenilor ce apar in ultimele doud ecuafii este ur-
mitoarea :
— 1n ecuatia (20)

I — Variatia in timp a energiei cinetice corespunzitoare compo-
nentei i a cimpulwt vitezei intr-un punct al mediului.
II — Redistribuirea energiei pe cele trei componente ale cimpului

vitezei ca urmare a pulsafillor presiunii. Aceastd redistribuire
nu modifici valoarea energiei cinetice totale. Dacid se face
insumarea dupi i, acest termen se anuleazd

III — Disiparea energiei cinetice ca urmare a existenter viscozitatii.

IV — Redistribuirea energiei cimpului vitezei pe cele trei componente,
ca urmare a influenfei cimpului magnetic pulsatoriu. Aceastd
redistribuire de asemenea nu modificd energia cineticd totali,
insumind dupi i termenul se va anula

V — Schimbul de energie intre compomnentele cimpului vitezei gi
ale cimpului magnetic.
— in ecua ( 1)

Var1a!;1a in timp a energiel magnetice corespunzitoare compo-
nentei 1 a cimpulul magnetic.

II — Schimbul de energie intre componentele cimpului magnetic si
ale cimpului vitezer
III — Disiparea energiei magnetice ca urmare a viscozitdtii magne-
tice
IV si V — Variafia energiei cimpului magnetic ca urmare a efectului Hall.

Din analiza semnificatiei fizice a termemnilor celor doud ecuajii, putem face
urmitoarele observati
Observafia 7 Adunind ecuatitle (20) s1 (21) vom avea

0 23 b2 o ouy 0 I/} :
LG+ )= (o2 a (B LG
ot 2 2LL a)’( axL 6xL (22)
B I S LN
n dvy 0%y enp 1 dx; dxy dx; 0%y
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Din aceastd ecuatie se poate obtine o condifie de stationaritate a turbulen-
tei considerate, s1 anume

(P - ,,<a_u«a_m>+13g<bia_m> S BB
0%y 0x; 0, i oxy, w 02y O0x
. ¢
L _eﬁ[ by 3b, > < b, _39_‘>]
eny. Bx, 0% 0x; dxy

remarcindu-se ci energia disipati a turbulentei este compensati pe seama pre-
zenfei efectului Hall.

(23)

Observagia 2. Si considerdm, in particular, cimpul magnetic 1mpus orientat
dupd axa Oz a unui sistem cartezian de axe, adicd

i B;— B}

Ecuatiile (20) st (21) se vor transcrie in acest caz astfel
97BN SpPaN (e B°[<b a"1> <b >] (24
ot < 2 > <j) 3x1> n 64’,, axk> + a;ra )
b2, ou v ob, ob 1 ob; ob.
b — Bo b 1 I 091 001 | B/ P10
> < 3x3> oxy axk> + e‘np.[ N ox, 6x2>
p. b1 %> _ < b, 3, > < b, 3x3>
laxa 0%, 0%y O, 0%y 0%,
A —>
KA AN LN 9y Juy 1 B°[<b 3“z> — /b 3_"ﬂ>} 26
ot <2> <ﬁ3xz> n<3x; 6.1:>+p. 8 33x2 <28xa ( )
S /BN g/, a“2> Ym /O 3b2> _ L [B” Gy b\ _
a < 2 > oo < 0%, 3%, 81, enp | 2\ 0 ax1>

< (27)

B
L =GB 2
R R G IC

(25)

A 4
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Legaturile energetice existente intre termenii ecuatiilor (24)—(29) pot f1 re-
prezentate in mod schematic astfel.

oY 3y 1.0 Uy Pm _0b; 3b
"l [ BN 2 }LB<b1 A% > 3 < 7J.>
| an DX, < %-Léi> 3 3 <":%'Z> M~ X XE
\A
Fm_ ab 'bb

B
/.pm ob, oD,
ST, Tk

Fig 1

O asemenea reprezentare permite o analizd calitativd a influenfer cimpului
magnetic asupra turbulentei considerate Astfel, cimpul magnetic nu interac-
tioneaza nemijlocit cu componenta vitezei din d1rec1;1a cnnpuhn magnetm Intr-

adevir pe diagrami nu apare o legdturd directd intre <p ——> si < >

Daca legatunle cu A s1 B se echilibreazid (termenii au semn opus §i pro-
cesul de distpare viscoasi a energiei cimpulur de vitezei devine egal cu procesul

de disipare a energiei cimpului magnetic, legiturile dintre <p > 'si < >
precum si dintre <p?> si <-2—> , trebuie si sldbeascd. Aceastd situatie nu
w

se poate realiza decit prin diminuarea si apoi anularea gradientilor dupd axa Oz
(dupa directia clmpulur magnetic) a tuturor marimilor pulsatorii Se creeazi ast-
fel turbulenfa bidimensionald, turbulenta obtinutd experimental [6] din una tri-
dimensionald prin aplicarea unui cimp magnetic intens.

(Intrat in redactre la 11 februaric 1982)
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UNE ETUDE DE L'INFLUENCE DU CHAMP MAGNETIQUE SUR UN FLUIDE TURBULENT
CONDUCTEUR

Résumé)

On fait une étude qualitative de l'mfluence d’un champ magnétique uniforme sur une tur-
bulence magnétohydrodynamique homogéne en présence de 1'éifet Hall
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HEAT OR MASS TRANSFER IN SOME COUNTERCURRENT SYSTEMS
AND THE CORRESPONDING STURM-LIOUVILLE BOUNDARY PROBLEM

ILIE HODOR

1 Introduetion. Some years ago a dctailed analytical study of heat or
mass transfer in some countercurrent systems were performed [1—10] The
obtained partial differential equations are similar to classical cquations of some
well studied transfer fenomena Starting from this sumilarity, the separation-of-
variables technique uscd to clascical problems has baen also applicd to the new
problems. In both cases a Sturm-ILiouville boundary pioblem 1s obtained The
so obtaired solutions of the new problems do nct micet any contradiction Nunge
and Gill [1] solved such a problem both by separation-of-variables method and
by a finite difference technique An excellent agreement between the two me-
thods was obtained According to the opimion of Blanco and Gill [4], Mason’s
papers [11, 12] and those of Picone [13] and Bocher [14] represent a complete
mathematical base for the analysis of countercurrent systems In our opinion,
although the separation-of-variables technique, very probably, leads to correct
solutions for countercurrent transfer problems, there 1s not a complete mathe-
matical theory to justify this procedure. The purpose of this paper 1s just to
show that 1f such obtained solutions are supposed to be correct then some theo-
rems which have not been mentioned so far 1n the mathematical literature must
be true The theorems consist of a special completeness of the eigenfunctions
of a kind of Sturm-Liouville problem

Mathematical difficulties have been encountered in solving the very par-
ticular case of equal heat capacity flow rates of the heat exchanging fluids
because, in this case, the Sturm-Liouville problem leads to a double eigenvalue

= 0 Stein [9] has studied this case for double pipe heat exchanger by solving
the problem in the vicinity of this very particular case It is also the purpose
of this paper to show that in the case of equal heat capacity flow rates there
exists a particular solution of the heat equation which cannot be found by
usual method of separation-of-variables.

2. The Model and the Sturm-Liouville Boundary Problem. The mathema-
tical problem which we are studying is common to a class of systems concerning
with the heat or mass transfer 1 countercurrent flow The double pipe heat
exchanger is an example [2] For our purpose, 1t is sufficient to consider the
heat transfer on a simple flat plate geometry presented schematically in Fig. 1.
A flmd substance moves countercurrently between two thermo-insulating plan-
parallel walls The movement 15 parallel to Oz-axs, the velocity v(x) is a func-

tion of x alonc which cha.ge. . - <1gn 1n the plane x = x,,
) X < x < X,
o L0, Ay < % < Xy

Institute of Isgtupic apd njolecular Techpology, . uj-Napoca, PO Box 700, Romania
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The substance may be inhomogeneous in such a way that thermal conductivity
p, density p and specific heat C, may be functions of x alone In the interval
%, < x < %,, the functions p, p and C, are everywhere positive. Thé function

r =r(x) = oCy
has the same sign as v = v(x)
By neglecting longitudinal heat conduction, the equation of heat transfer is
ae):f?, x1<x<x2, '—l;<z<l: :(1)
Z

]

where 0 = 0(x, 2) is the temperature field. The insulating property of the walls
is expressed mathematically as follows

Z—z(xl,z)=0, —l<z<l; (2)
a0
™ (%5, 2) = O, —l <z <l (3)

It is necessary to be given the substance temperature at the entrance of
the considered domain Because of the countercurrent movement there are two
entrances of the substance thus the folowing two conditions have to be taken
into consideration

O(x, —I) = g+(x), % < x < %, (4)
R 0(x, 1) = g~ (%), Xy < % < Hy; (5)

g (%), g*(x) are given functions and dg+/dx =0 for x = x,, dg~|dx = 0 for
X = 1,

For simplicity we suppose that p’ == dp/dx exists and that p, p’, p, C,,
9, g~ and g+ are continuous finite functions in the interval x, < x < x,

The model defined in this way is physically completely determined which
means that the system (1—S5) has a unique solution. The separation-of-variables
method applied to the equations (1—3) leads to such particular solutions as

0, = f(x)e " (6)

where A, and f(x) are eigenvalues and eigenfuctions of the Sturm-Taouville
boundary problem

d af —
E(p;)-{-mf_o, % <% < %, o)

J'(®) = f'(%:) = 0. (8)

It is known [15] that if #» changes sign 1n %, << ¥ << x,, there exist an infi-
nite set of real eigenvalues which have the limit points —co and +co If the
positive and negative eigenvalues are arranged each 1n order of increasing nume-
rical value and are denoted by

M, AL A, L L N

9
7\6: 7\1—1 )\2_: . ) )\m; 3 ()
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Fi1g 1 Schematic diagram of the maodel
\

and the corresponding eigenfunctions by
E‘)-’ ]-.\L’ f;: ) ;) . ’
fo, foo fe o fe o

then f} and f,, have exactly m zeros in the interval %, < ¥ < x, Using a clas-
sical technique [15] one can show that ff 1s oscillatory and has its zeros on
the subinterval x; < x <x,, similarly, f,, is oscillatory and has m zeros on the
subinterval %, < x < %,.

The integral

(10)

£

F = Sr(x)dx (11)

%

represents the difference between the heat capacity flow rates of the two
parts of the substance which flows countercurrently. As it is known [9, 14],
depending on F value the following situations can occur

F>0, =0 1 <0; (12)
F<0 »N>0 a=0; (13)
F =0, 7\;' =0, » =0. 14)

The first two cases are equivalent so that only the first and the last cases will
be analysed.
For the emngenvalue A = 0, (7) and (8) lead to eigenfunction

fo = const. (15)

The eigenfunctions satisfy the orthogonality relations

Zq

{Fufwrdz =0; (16)
S S Frrdy — 0, S fofirdz =0, m #n. (17)

2 — Physica — 1983
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When F = 0, the function f, cannot be normed because

§' rdx = f3} §.rdx =0 (18)

For this reason instead of eigenfunction normalisation, the conditions

Tz =1, fa(x) =1 (19)
can be considered as satisfied

3. Comparison with a Classieal Problem. Equation (1) 1s parabolic and has
the particularity that 7(x) changes sign. As far as we know such an equation
appears in a practical application for the first time in {1—10] which are of
relative recent date. The corresponding Sturm-Liouville problem has been lar-
gely applied in physics, chemistry and technics, still the case in which r(x)
changes sign has not occurred but recently in the same papers [1—10] It
is useful to present, for comparison, a problem of a classical type in which 7(x)
does not change sign

A thin inhomogeneous bar, termically insulated from surroundings, 1s plased
on Ox-axis, x, and #, being the abscissae of the two ends Initially, the bar
temperature is a given function 63(x) with the property d0%/dx = 0 in the
points x = x; and x = x,. The problem is to find the evolution of temperature
field 6*(x, t) in cours of time Mathematical formulation of this problem 1s-

2 (R0t _ . 20 :
ax(25 ax) 4 a;’x1<x<x2’ <0, (20)
) =0, t>0, (21)
ox
O (3gt) =0, t>0, (22)
ox
0*(x, 0) = 0%(x), X, < X < %y (23)

Here p* = p*(x) < 0 is the thermal conductivity of the bar, #* = »*(x) <O
is a caloric capacity, p* and #* are continuous functions in the interval xy <
< x < %, and p*" exists. The similarity with the previous problem 1s evident.
Coordonate z in (1—5) coresponds to time # 1n (20—23) But 1 one case the
phenomenon develops in the infinite interval 0 < ¢ < oo, 1n the other, the
interval is fimite, —I <<z << l. This difference is closely connected with the
fact 7*(x) > 0 while »(x) changes sign.

The separation-of-variables technique applied to (20—23) leads to

0*(x, 1) = 3> Cafnlm)e ™ (24)

n=0
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where f* (x¥) and A* are eigenfunctions and eigenvalues of Sturm-Liouville pro-
blem

(i " ':i') + =0, x <zx<x,, (25)
X

dx
Y (x) = [ (%) = 0 (26)
Figenvalues 2} are not negative Initial condition (23) permits to determine
constants Cj,

xl

Cr =\ 0° (27" (4)f* (9. 27)

To obtain (27) the property of orthonormality

Xy

S"* . ,,dx__l 0, n#m,
#n/m —

I, n=m

X1

was used

4 The Case F >0, 3 =0, 2 <O

Following the model of solving classical problem (20—23), the general
solutton of equation (1) with limit conditions (2) and (3) 1s

= Y [Cifime ™ 4 Cifa (r)e 0], —l<z <l (29)

Similarly, the constants C; and C, have to be determined from conditions
(4) and (5) and 1t leads to

2 [CLfi (%) + Cofa(x)e™ ] = g+(x), 2 < % < %, (30)

2 [Cifi(®)e™ ™ 4 Cofi(®)] = g- (%), %o < % < % (31)

Although functions f; and f, satisfy orthogonality conditions (16) and (17),
constants C; and C, cannot be determined with simple relations like (27)
because conditions (4) and (5) are bilocal

This solving procedure was applied to a series of countercurrent transfer
problems {1—10] and methods to determine constants C, have been proposed
The obtained results do not contradict the experimental facts Moreover, 1n
some cases these results were compared with the solutions obtained by a finite
difference techmique and an excellent agreement was obtammed [1]

The following reasonings are based on the hypothesis that the solution
of the problem 1s really given by (29—31)

The heat transfer phenomenon tends to uniform the temperature field so
that the maximum and the minimum temperature values are attained at the
entrance of the substance in the considered domain But entrance temperatures
g+(x) and g—(x) are supposed to be finite which means that the temperature
field 1s also finite in the whole domain.
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Suppose now that the model lengthens unlimited in both senses, I—co.
The eigenfunctions do not change because they do not depend on ! C} and
C; do generally depend on / and since the temperature field is bounded, the limits

lim Cf = af, lim C, = a; (32)
I-m j—-m
exist

If 0, it is clear, physically, that the temperature field in central zone
becomes uniform, tending to a constant, 8, This constant mast be a solution
of the mathematical problem and 1t cannot be other than

= a0f+( x)e” j;(z+l): fll; (33)
Making the limit of (2 ) and taking into account (32) and (33), one obtains
> atfy(x)e R, 0<z+Il<ow,
n=0
im0 2 ZJ as, —0 <z <, (34)

0 —_
&+ 20 @ fr(x)e T —0 <z —1<0
n=0

As one observes, in the vicinity of the ends of the infinite heat exchanger the
temperature field 1s, generally, variable but it tends to constant aj for a point
which moves away to the central zone of the exchanger

For the infinite heat exchanger, equations (30) and (31) reduce to

0

annf( x) =gHx), % <x<x, (35)
2:0 aufn (%) = g~ (x) — aj, Xy < X < Xy (36)

These equations are interconnected only with constant a} It is a known fact
that if 1n a very long countercurrent heat exchanger the fluids have at the
entrance constant temperatures, that 1s to say, if g+(x) = g = const and
g (x) = go = const, then the temperature in the central zome 1s equal to the
entrance temperature of that fluid which has the greatest caloric capacity In
our case F > 0, that 1s the fluid which flows 1n the sense of Oz-axis has the
greatest caloric capacity Thus, the temperature in the central zone will be

0= a; =g}

independent of the temperature gg with wich the other fluid enters the other
end of the exchanger Even if instead of a constant temperature g, the fluid
would enter with a variable temperature gy (x), the temperature 1 the central
zone would be the same, go It follows that (35) is independent and yields all
constance g, including aj a+* determined from (385) is then introduced in (36)
which yield constants a,
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Since g~ (x) is an arbitrary continuous function, the difference g—(x) — aj
is also an arbitrary function Consequently, every continuous function G*(x) =
= g+(x) defined on the interval x; < x << x, can be expanded into a series of
the form (35) Similarly, every continuous function G~ (x) = g~ (x) — 4 can be

expanded 1nto a sertes of the form (80). This result can be expressed as follows

TuroREM 1 The subset of eigenfunctions f,(x) (# =0,1,2,.. ) defined
on the whole interval %, < ¥ << x, is a complete system with respect to the
class of continuous functions defined on the subwnterval x;, << x << x, and
having a null derivative in the pomnt x = x; The subset of eigenfunctions f;
(n=0,1,2, ) defined on the whole interval x; << x << %, 1s a complete system
with respect to the class of continuous functions defined on the subinterval
%o < ¥ < %, an having a null derivative in the point x = %,

5 The €ase F =0, 2§ = A =0

If F—0 then af—0 and A~ —0 If F # 0, there exist two eigenfunctions
f% and fy Still, if F =0 the Sturm-Liouville boundary problem (7,8) yields
only one eigenfunction for A =0

Apparently nobody has observed, so far, that if and, only if, F = 0, the
equation (1) with boundary conditions (2) and (3) has a very particular solution
of the form

8 = o) + F4(x)

where both ¢(z) and f*(x) are not simple constants Substituting this particular
solution into (1—3), we obtain

6= [z + /()] (37)
where
B x ds s
HOE g o S 7 (0t (38)

The factor 1/ ;n (37) 1s necessary because the temperature has to be bounded
if I— o0 for every point 1n the interval —I <C z << /. The solution (37)is inde-
pendent, it cannot be expanded in series by the particular solutions of the
form (6). Consequently, the most general solution of the system (1—3) will
be a linear combination of all particular solutions both those of the type (6)
and the solution (37),

b= % 2+ (0)] + Cofo + 2 [Cof H(x)e TR L Cofy(x)e TN (39)

where

fo=f =fi=1 (40)
and C, C, are arbitrary constants.

Constants C, C}, C; and C, must be determined from conditions (4) and
(5) which leads to

C = N ~ 2,
T[S F@T+ Cot 2 [CHf2 (%) + COfa ()6 T = g #(x),



22 I HODOR
% < x < X, (41)

S04 f)] + Co + i [Cift (%)™ 4 Cifi(n)] = g~ (),

Xo < x << X (42)

We suppose now, as in previous case, that the exchanger lengthens unli-
mited Similar to (82), 1t must exist the Iimits

imC=4a mCy=0a, mCi=a mC, =a, (43)

I Y- ) I I =

the first term 1n (39) reduces to az/l and represents a temperature field which
1s mdependent of x, but changes extremely slightly with z so that on the
infinite length of the exchanger 1t changes from —a to +a

At the limit, equations (41) and (42) reduce to

@y — a4 Joaifix) = g+lx), % <x<zx, [, (44)
n=1
ag+ a+ E Aufn (%) = (%), %o < x < 2y, [— (45)
n=1
It 1s to observe that instead of a, and 4, other two constants can be introduced,
a, + a = aq, a, —a = ag (46)

Taking into account (40), equations (44) and (45) can be written

o afix) = fHx), m<x<z, I, (47)
#=0
n2=0 a, fr(x) =g (%), Xg < X < %y, L—r00. (48)

This result can be expressed as follows

TuroreEM IT The subset of eigenfunctions fi(x) ( =0,1,2,...) defi-
ned on the whole interval x, << x < %, 1s a complete system with respect to
the class of continuous functions defined on the subinterval x;, << ¥ < %, and
having a null denvative 1n the point x = x, The subset of eigenfunctions f,(x)
(w=20,1,2, ) defined on the whole mterval x, < x < x, is a complete sys-
tem with respect to the class of continuous functions defined on the subinterval
%y < % < %, and having a null derivative in the point x = x,.

It 1s to be noted that unlike of theorem I where f, and f, are disjunct
subsets, in theorem II, the two subsets have a common element, namely fi = fq.

As a rule, equations (47) and (48) will yield constants aj; and a, respectively
The constants a and a will be then determined using (46).

6. Conelusions. The above reasonings are based on the hypothesis that
separation-of-variables method applied to countercurrent transfer problems
leads to the correct solution This hypothesis 1s based in its turn, on the fact
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that the obtammed solutions do not contradict the experimental facts. Also, in
the course of reasonings a series of physicalarguments are used. In conclusion,
this paper presents a series of arguments which indicate the existence of two
theorems of completeness which have not been known so far, but it does not
offer a rigorous mathematical demonstration.

It may seem curious that the two theorems have not been descovered up
to the present although the Sturm-Liouville problem is old and much work
was spent to study it. In our opinion the explanation consists ]ust in the fact
that problems in which 7(x) changes sign have not appeared in practice but
recently.

In the very particular case when the caloric capacities of the two fluids
which flow countercurrently are equal, the Sturm-Liouville boundary problem
leads, for the double eigenvalue A =0, to only one eigenfunction. This paper
shows that in this, and only in this case, the transfer equations admit a par-
ticular solution, liniar in z, which cannot be expressed by the eigenfunctions
of the Sturm-Liouville boundary problem

Acknowledgement The author wishes to thank gProf Ioan A Rus of the Babes-Bolyat Uni-
versity at Cluj-Napoca, Romama, for his helpful suggestions and comments
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TRANSFER DE CALDURA SAU MASA IN UNELE SISTEME IN CONTRACURENT SI
PROBLEMA LA LIMITA STURM-LIOUVILLE CORESPUNZATOARE

(Rezumat) AL g3

Se studiazi problema inatematicd a transferulus de cildurd sau masd in unele sisteme in
care are loc o muscare in contracurent Aplicarea metoder separdr vanabilelor conduce la un tip
de problemd la Imutd Sturm-Liouville care are caracteristict deosebite ce n-au mar fost intilmite
in aplicatu Pe baza unor rafionamente fizice se ajunge la concluzia cd funciule propru ale problemei
trebule si satisfacd niste teoreme (conjectur1) care, se pare, n-au fost semnalate pind in prezent
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STUDY OF THE MICROPHASE SEPARATION PROCESS IN
909, (169, Na,0—84%, B,0,)—10%V,0, GLASS

E. CULEA, AL. NICULA, I. BRATU, I. BIRIS

1. Introduetion. The microphase separation is a very important process
which occurs 1n the vitreous materials and can generate essential modifications
on their structure and properties In the last 30 years were obtained vitreous
materials with very interesting properties, due to a controled microphase sepa-
ration and today they are used currently in many top technologies (Vycor glass,
thermoresistant glasses, photochromic glasses, etc)

For these reasons the study of the microphase separation of the vitreous
materials 1s of special importance They were performed investigations in order
to clear up the connections exist wich between structural modifications indu-
ced by the microphase separation and the modifications wich occur in their
macroscopic properties

The majority of these studies use optical or electron microscopy, but 1n
the last years were reported some attempts to utilise new investigation techni-
ques. Thus Kawazoe et al [1—4] have evidenced the possibility to utilise
EPR of Cu?+ jons 1n order to detect microphase separation in the oxide glasses
of K,0—RO—B,0; vitreous system, where R=Ca, Ba or Mg

The aim of this paper was to study the microphase separation im 909,
(169, Na,0—849,B,0,) —109%,V,0; vitreous system (the composition 1s expressed
in molar 9%), using EPR, IR spectroscopy and electron microscopy

2. Experimental results. The samples were prepared by mixing HyBO,,
borax and V,0; 1n the suitable proportion This mixtures was melted in sinter-

100Gs

LTS
- ~‘/'—\\_/'/
e .

Fig 1 EPR spectrum of 909, (16% Na,0—849, B,0,)—109%, V,0, glasses
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corundum crucibles at 1200°C. After being kept at this temperature for 1h the
melts were cooled onto a rust-proof steel plate. Then the samples were heated
to 550°C and maintained at this temperature 0 5 to 12h for thermal treatment.
Chemical analysis reveals no sensible deviations from the nominal com-
position
The EPR study was performed at 9.4GHz (X band), using a standard
JEOIL equipment, at room temperature A representative EPR spectrum of

our glasses is presented i fig 1.
The calculated EPR parameters are presented in Table 1
Table 1
EPR parameters of 909% (16%Na,—84%B,0;) —10%V,0; glacses, heat treated for t = 0.5 to 12h
Thermal treatment Ay A

nr | Sample duration (h) 10‘cm—? 104(;1—1 1 ‘1

1 S; 0 176 7 605 1935 1979

2 S, 05 1756 605 1936 1980

3 S, 1 177 2 609 1936 1979

4 S, 2 176 5 60 5 1935 1978

5 Sy 3 178 1 612 1936 1979

6 Se 6 177 5 610 1935 1979

7 Sy 9 178 8 60 8 1936 1980

8 Sa 12 177 9 612 1936 1.979

The infrared absorption spectra were obtained with a UR—20 spectros
meter The technique of the powder tablet in XBr was used Fig. 2 presents
the infrared absorption spectra for samples S,(a), S,(b), for the host glas-
16%,Na,0—849%,B,0; (c) and for V,0; (d)
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The electron microscopic investigation was performed with a TESL A BS—613
equlpment using carbon replica on glass fractures. Fig. 3 shows. electron mic--
roscopic images for samples S;(a), Sg(b) and Si(c).

o

Fi1g 3 Electron microscopic images of a) sample S, (t = Oh) b) sample S, (t = 05h), c) sam-
ple S, (t = 3h) \

3 Discussion of results. The electron microscopic 1nvestigation indicates
the development of a microphase separation, similar with that described by
[5] for the host glass The addition of 109, mol V,0; 'seems to -not influence
the phase separation. For this reason we suppose that the two phase wich
were evidenced in our glasses are essentially the same like in the host glass:
a droplet-phase, rich in Na+ ions and a matrix-phase, consisting mainly of
the vitreous boron oxide network.

It was proved that in sodium borate glasses the phase separation tendency
presents a maximum for about 169, mol Na,0O This tendency remaines very
important after the addition of V,0; Thus even for the sample S; wich was
not heat-treated, a phase separation was observed. The sample S; evidences a
more advanced phase separation than that described by [5] for the host glass,
due probably to different preparation techniques

Application of SAXS and MAXS techniques to alkali borate glasses [6]
permitted to find even in samples wich don’t exhibit a phase separation, a
special kind of submicroheterogeneous structure due to the non-uniform dis--
tribution of alkali ions in the glass matrix It was shown that about 259%, of
alkali oxide 1ons are grouped in these submicroheterogeneous regions and the
remaining part of alkali ions are statistically randomly distributed within the
glass matrix

The infrared absorption characterizes the vibration state of the lattice. By
comparing the infrared absorption spectra of the host glass with that of
909, (16%Na,0—849%,B,0;) —10%V,0; samples, information on the nature of
vitreous state of our glasses can be obtained
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In order to make a comparative analysis and at same time to check the
accuracy of measurements, we obtained spectra of 169, Na,0—849,B,0; glass
matrix and of V,0; (fig 2) These are in good agreement with the previous
data [7, 8].

The spectrum of the 16%Na,0—849,B,0, glass shows a wide band between
1200—1500 cm~? characteristic for the drawing vibration of B—O bands (wich
also includes the characteristic vibration of BO, configuration located at about
1250 cm~1) and another important band at 900—1100 cm—! due to BO, con-
figuration

The infrared spectrum of V,0; shows a wide absorption band at 830 cm—?
due to the vibrations of V—O bonds (1774, 188A and 2 02A) and a narrow
band at 1019 cm characteristic for the vibration of V=0 bonds [8]

The infrared spectra of 909% (16%Na,0—849% B,0;)—109%V,0; glass have
the same bands as the host glass No bands characteristic to V,04 or to any
new structural groupings are observed This proves that V,0; 1s perfectly
solved 1n the host glass and don’t modify the constitutive structural groupings
of this glass (tetraborate groupings [7, 9]) These data are consistent with NMR
data on sodium borate glasses with 109, mol V,0, [10]

It 1s possible that V,0, addition produces weak inirared absorption bands
wich are masked by the wide bands of the host glass

The heat-treatment don’t produces important modifications on the infrared
spectra of our glasses Only a narrowing of the wide band located at 3200—
3500 cm—1, due to the vibration of O—H bonds, was, observed This indicates
the decrease of the number of O—H . . O—H bonds when the heat-treatment
duration increases and 1t was to be expected

The infrared spectra of our glasses suggest that the constitutive structural
groupings show a considerable stability to heat-treatment Comnsequently it is
expected that the alkali 1on content of the microphases don’t change during
the heat-treatment

The EPR spectra obtained on our glasses are characteristic for the V*+
1on wich in oxidic glasses appears as yanadyl ion VO?+ and forms molecular
complexes of symmetry C,4 [11—13] These spectra can be analysed by means
of the spin hamiltonian of axial symmetry

H = @(g”H,Sz =+ g_LHzSz + gJ_‘HvSy) + AJ_SzIz + AJ_SzIz + A.LS:JIH (1)
wich leads to the following resomance condition
hv = gBH(m) + K()m ()
where
]/g = ghcosyf + gismnzh (3)

K(6) = V A2gcos20 + 458 510
with the usual notation [13].
The EPR parameters are not affected by the heat-treatment The hiperfine
structure constant A, the most sensible EPR parameter, increases weakly with

heat-treatment duration It seems that the heat-treatment don’t influence prac-
tically the microvicinity of V4+ ions
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In bariu, borosilicate glasses 1t was proved that cobalt i1ons are preferen-
cially distribited, having an important tendency to occupy sites in modifier
oxide rich phase [14] It 1s possible that in the same manner Vi+ ions have-a
non-uniform distribution 1n 909, (16%,Na,0—849% B,05)—109%V,0O; glass, with
preference for the phase rich 1n Na + 1ons These regions or phases with a higher
content of Na + 10ons have more stable structural elements and this could explain
the remarcable stability of the microvicinity of V*+ 1oms, expressed in a relative
constancy of the EPR parameters during the heat-treatment

4 Coneclusion. The phase separation process 1n 909, (16%,Na,0—849,B,0,)
—109,V,0; glass 1s similar with the phase separation in 169,Na,0—849% B,0,
The constitutive structural groupings of our glasses are the same like in the hcst
glass and are not affected by tbe heat-treatment

The microvicimity of V2+ 10ns 1n these glasses are not affected by the heat-
treatment

Our glasses show a classical phase separation process The structural ele-
ments and the compozition of phases are very well defined even in the early
stages of the separation process and are not affected by the heat- treatment.
The heat-treatment affects only the dimensions of droplets of sodium rich mic-

rophase
(Recerved February 22, 1982)

REFERENCES

1 H Kawazoe, H Hosomno, T Xanazawa, J Non-Cryst Solds, 29, 173 (1978)

2 H Kawazoe, H Hosono, T Kamnazawa, J Non-Cryst Sohds, 29, 249 (1978)

3 H Kawazoe, H Hosono, T Kanazawa, Yogyo-Kyokal-Sh1, 87, 23 (1979)

4 H Kawazoe, H Hokumal, H Hosono, T Kanazawa, J NonCryst Solds,
38—39, 717 (1980)

5§ W Vogel, Struktuy und Kristalissatron dev Glasser, VEB Deutscher Verlag fur Grundstoffin-
dustrie, Leipzig, 1965

6 VV Golubkov, A P Titov, T N Vasilevskaya, E A Porai-Xoshits,

Fizika 1 Xhum Stekla, 4, 633 (1978)

7 J Krogh-Moe¢, Phys Chem Glasses, 6, 2, 46 (1965)

8 M Sayer A Mansingh, Phys Rev B, 6, 12, 4629 (1972)

9 G E Jellinson, P J Bray, J Non-Cryst Solids, 29, 187 (1978)

10 8§ Ssmop, V Simon, Al Nicula, Studia Unmiv Babes-Bolyas, Phys, 26 (1), 11 (1981)

11 H G Hecht, T Johmnston, J Chem Phys, 46, 1, 23 (1967)

12 . D Bogomolova, V A Yachkin, V N Xazukin, Proceeding of 19th Congress
Ampere, Herdelberg, 235 (1976)

18 Al Nicula, E Culea, L Stédnescu, Studia Umv Babes-Bolyai, Phys, 23 (1), 55
(1978)

14 W Vogel, J Non-Cryst Solds, 25, 1—3, 170 (1977)

STUDIUL PROCESULUI DE SEPARARE IN MICROFAZE IN SISTEMUL VITROS
90%, (16% Na,0—84%, B,0,)—10% V,0,

(Rezumat)

Se studiazi procesnl de separare In microfaze a sistemului vitros 909 (16Na,—84% B,04) —
10% V,0, prin RPE, absorbfte in IR $ microscopie electronici Se constati ci tratamentul termic
produce dezvoltarea mucrofazer piciturs, dar nu modificd grupurile structurale de bazi s1 nici micro-
veciniititile iomlor V4t :
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A PROCEDURE OF GRADUAL GENERATING TREES IN A LINEAR
GRAPH

V. MILITARU

1 Introduetion. A useful instrument for the application of the topological
methods of solving the problems of analysis and synthesis of the electrical
networks is the algebra of structural numbers, proposed by Bellert [1] and
extended in more complex systems by Gandhi and collaborators [2]. In
particular, the theorems demonstrated in [1] give simple algorithms for the
determination of all the possible trees or co-trees of a graph or multigraph

Starting from a tree of the graph and using the properties of the funda-
mental cut-sets, a generalizing theorem is demonstrated, which permit the gra-
dual forming of the trees by a process of substitution of the twigs of the
initial tree Any set of trees which maintains unchanged a desired part of the
starting tree 1s obtainable, because of the possibility to control the order of
generation The process can go on till all the trees are obtained

Avoiding the matrix algebra, this method offers advantages in programming.

2 The Generation of New Trees Using F-Cut-Sets. The structural and
interconnectional characteristics, determining to a great extent the dynamic
behaviour of an electrical network, are revealed by the linear graph associated
with it [5, 6] In such a linear graph, supposed to be connected, with # 4- 1
nodes and b branches, each of its trees will have # branches, referred as twigs,
the rest b — # being considered links FKach link closes a fundamental loop (f—
loop), having thus a set of & — # f-loops with respect to the chosen tree. Each
twig defines a fundamental cut-set (f-cut-set), obtaimning # such f-cut-sets, i.e.,
a fundamental set of cut-sets with respect to the same tree

The graph obtained out of the tree together with any link contains only
one closed path, given by the f-loop of the respective link. Any twig of this
path can become a link and so new trees are obtained In order to turn to
account this idea we must take into consideration the structural interdependence
between the set of the fundamental loops and the fundamental set of cut-sets
having — as it 1s demonstrated in [3] — the following properties

— Any f-cut-set with respect to a chosen tree of a connected graph is
formed by a twig together with the links of those f-loops which contain
that twig

— The same link belongs to the f-cut-sets of all the twigs which form
the path through the tree of the f-loop of this link and only to those.

Combining the aforesaid idea with the first property we can see that,
starting from a tree of a connected graph, we can generate new trees by repla-
cing a twig with any of the links of the f-cut-set of the respective twig. The
second property underlines that these are the only links able to achieve the
replacement, the f-loops of others links remaining intact at the elimination
of a branch that does not belong to them :
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The elaboration of a systematic procedure of the gradual substitution of
the twigs of the 1nitial tree can be obtained by using the algebra of structural
numbers.

3 Struetural Numbers. Produect. Starting from the custom of numbering
the branches of a graph, Bellert, turning to account an older idea of Wang’s,
defines [1] the structural number as a rectangular array of natural numbers
Its primary element 1s the column, which describes the composition of a tree
of the graph The graph with all the trees described by the columns of a
structural number 1s its geometrical image Bellert also elaborates an algebra
of the structural numbers, from which we shall take the product

Each f-cut-set may have a correspondent structural number fo one row:
P,o=(t, by bo, ), 1=1,2, = (1)

i which 4, 1s the twig and (/) is the set of the links, taken in any order
Using this notation we can now formulate the following

THEOREM Let (£, £, ., %,) be the set of twigs of a tree in a linear graph,
taken 1m any order The columns of the structural number

N, =P, P, P, k<n

represent all the possible combinations of & branches, each ot them, together
with the set (fp11, fhys, ,t,), making up a tree of the same graph

Demonstration Using the method of complete induction, for the step 2 =1
we obtain

N, = P, (2)

The validity of the theorem in this case 1s assured by the observation at the
end of section 1

Supposing the theorem valid for a step 2 << &, we shall pass to the step
1

N1+l:N| Pi+1 (3)

In order to work out the product (3) we shall add each element of P,;; to
each column in N, So, starting from each tree generated in phase ¢+ we shall
search for all the possibilities of replacing the twig f,41 As £y e P, we
shall obtain, besides new trees, all the trees of the anterior phase As to
replacing the twig by links of 1ts cut-set, fundamental iwith respect to the
1nttial tree, there will be the following situations

1 The column in N, contains no element of P,.,, then the cut-set repre-
sented by P,,, is fundamental with respect to the tree corresponding to the
aforesaid column. There is the same situation as for 2 = 1, the elements of
P, being all and at the same time the only ones acceptable for the repla-
cement of £,.

2. Let a column of N, in which there 1s an element / € P,;,. There is, by
hypothesis, a corresponding tree to this column, in which ! and #,,; appear as
twigs Let T,, T, Ts be the parts of the tree interconnected by these twigs.
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Fig 1

We, generaly, obtain the topological situation in the figure. Eliminating the
twigs [ and ¢,;,, we can easily render evident the partition of nodes operated
by the cut-set P,.; On the figure one of the groups of nodes 1s delimited by
dotted line The rest of the elements of the cut-set P,,, are to be found erther
,parallel” to #,4,, 1e, joining the same parts, as 1t 1s, e.g, m, or ,,parallel”
to [, as 1t is g. As 1t can be noticed 1n the figure, the elements of the first cate-
gory can substitute ¢,,;, resulting a new tree, while the elimination of #,4,; and
the adding of an element of the ¢ type results in the separation of T; and the
appearance of a loop through ! and ¢, But, let us still maintamn ¢,,,, substi-
tuting ! by q in the figure We obtain a tree of the phase ¢ to which, by hypo-
thesis, corresponds a column in N, This will have 2 — 1 elements identical to
those of the column mentioned before, differing from one another by the pre-
sence of g, respective /. Obtaiming through multiplication I, respective g, we
have a pair of identical columns Naturally, we shall also obtain in the process
of multiplication, columns in which / or g are repeated These are not accep-
table be ause # — 1 elements cannot make up a tree So, we see that the
appearen ' of columns with repeated elements, as well as of pairs of identical
columns a e criteria eliminating those combinations which do not lead to new
trees These rules arc included in the definition of the product of structural
numbers

As 1t can be noticed in the samc figure, branches of the s type, joiming
T, with T, can substitute ¢,,,, resulting new trees As the s type branches
do not belong to P,;,, the trees of this kind are, apparently, lost But, let us
still maintain ¢,,,, substituting / by s We obtain a tree of the phase : to which,
by hypothesis, corresponds a column 1n N, Through multiplication by P,y
t,.1 15 substituted by /, obtaining a tree of the mentioned kind

We can notice that nome of the branches of the graph which are not of
the m or s type can substitute £,

3 If in a column of N, there appear several elements /, /', e P, ,, excep-
ting the necesity to figure several parts of the tree of the type T, the disscu-
tion of point 2 can be repeated for each of them, independently

So, the process of induction 1s complete, demonstrating the theorem

4 Conelusions. — In the case k = # the theorem gives a procedure of
generating all the trees of the linear graph
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— From the development of the demonstration a certain generalization
results So ,if, starting from a known tree, we want to obtain the set of all
the trees which do not contain certain initial twigs, all we need is to represent
the twigs in the product by structural numbers P;, which are obtained from P,
eliminating the respective twigs.

— As the demonstration can be applied to each connected part of an uncon-
nected graph, independently, we can generalize the theorem to this case, repla-
cing the term of tree by that of forest everywhere and considering # = nodes-p,
where p is the number of connected parts

( Recesved April 3, 1982)
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O PROCEDURA DE GENERARE TREPTATA A ARBORILOR UNUI GRAF LINIAR

(Rezumat)

Aplicarea formulelor topologice pentru functule de circuit, elaborate de mulft autor, constitue
baza unor metode de analizi, asistatd de calculator, a circuttelor electrice, avantajoase datorti
elimindrin algonitmulor greoi de evalnare a determinantilor. Cunoagterea tuturor arborilor grafului
limiar asociat reteler studiate este o conditie a apliciru acestor metode

Teorema demonstrati in aceasti lucrare este o generalizare a altora, publicate anterior de
alf1 autors, s1 permute elaborarea unui procedeu simplificat de generare a arborilor umw graf limiar.
Evitind utilizarea matricilor de refea, metoda oferi avantaje in economisirea de timp de caleul si

de spatiu de memorare
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ESR AND MAGNETIC SUSCEPTIBILITY STUDIES OF SOME COPPER(II)
p-CLORBENZOATES

0. COZAR, N GRECU*, I. BRATU**, M. COLDEA, V. GRECU*** R

1. Introduetion. Recently, a vast amount of research has been devoted to
the characterization of dimeric compounds, because these are excellent model
systems for the study of magnetic interactions and for their biological and
catalytic applications. A great number of complexes have been synthesized, the
experimental and theoretical investigations concerning the temperature depen-
dence of the magnetic susceptibility being reported by several authors [1—8].

Besides the magnetic susceptibility investigations which are fundamental
to the determination of the singlet-triplet separation (2]) resulting from the
izotopic exchange interaction, the ESR studies as in powders or solutions were
also made [9—15] as 1n monocrystals [16—18], these giving the complementary
information on their electronic structure and interactions inside of binuclear
complexes

The electronic direct exchange interaction between the two copper ions

with s =% occurs 1n the case when the metallic 1ons are close enough together

as 1n copper (II) acetat monohydrate (Rey_ca = 264 A) [9,14]. In many other
cases, the spin-spin coupling 1s achieved by a magnetic dipole-dipole interaction
and by a superexchange interaction occuring through intermediate atoms or
ions [14, 19]

These 1investigations are of considerable importance for their biological
applications [20—23] Thus, the studies on the copper(Il) complexes with amino-
acids and peptides which serve as models of biological active systems, have
been evidenced the presence of spin-spin interactions and the formation of
dimeric states for [Cu(DL-«-alanine),H,0], [22] and tetrakis (L-tyrosinato)
dicopper(II) [20] It was found that in metalloproteins which have more than
one metallic 1on, the copper tends to appear as even numbers, e.g cerebrocuprein
contains 2Cn%+ and ceruloplasmin contains 8Cu%+ [24]

In the present work, the copper(II) p-clorbenzoates [Cu,R, - CH;OH - 2H,0]
—(I) and [Cu,R, - CH;COCH, : 2H,0] — (II) where R = (p-CIG;H,CO,) as
well as their monomeric species which occur at 77 K have been investigated
using ESR and magnetic susceptibility measurements Both compounds have
been synthesized after the method given by Lewis et al [1]

The ESR studies were performed at the 295 K and 77 K using a standard
JEOL-JES-3B equipment 1n X band (~9 4 GHz) The magnetic susceptibility
data were obtained using a Faraday type balance with 10~% m u /g sensitivity
in the temperature range (80—293) K

2 Results and Discussion a) ESR Investigations The ESR spectra ob-
tained at room temperature clearly show that both complexes contain coupled

* Institute of Physies and Technology of Materials, Bucharest.
«# Institute of Isotopic and Molecular Technology, Cluj-Napoca
=** Faculty of Physics, Bucharest

3 — Physica — 1983 5 R N
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pairs of copper (II) 1ons The spectrum of the powdered [Cu,(p-CICH,CO,),-
+ CH;OH - 28,01} complex exhibits the absorption typical of a 1andomly orien-
ted triplet state (S = 1) specics having an axial symmetry (Fig 1) It 15 simi-
lar with the spectra obtained fcr other copper acetate like dimers [12, 13], which
are characterized by a short Cui—Cu distance (~264 A) Here the exchange
interaction between the two copper ions (Fig. 2) appears as a superposition of
the two d,._,» atomic orbitals situated in parallel planes which form a 3 type
bond [1] At the same time, the formation of a ¢ bond along the Cu—Cu
axis through the agency of the 42 orbitals is also possible [25]

The absorption which is observed near 3200 Gs (Fig. 1) arises from mono-

meric impurities of spin s = 2— The intensity of this absorption imcieases with

the lowering of temperature. Thus the 77 X spectra (Fig 3) exhibit a very intense
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signal in the 3200 Gs region characterstic for izolated Cu?+ ions (monomeric
species, s = 1/2) i the axial symmetry The hyperfine structure 1s well resolved
m both parallel (g,) and perpendicular (g,) bands The weak absorption from
4500 Gs (Fig. 3) indicates the presence of a little amount from init1al dimeric
species On the other hand the absorption from 1600 Gs 1s due to the for-
bidden AM; = 42 transitions characteristic for dimeric species 1 which the
copper-copper dJstance is ~4—5A [14, 15,26] This last type of dimeric spe-
cies represents the majonity from those existing at 77 X. However the spectra
obtained at 77 K clearly show that the dimeric species are broken by freezing,
this fact leading to the appearance of monomeric spectes. The appearance of
monomeric species at low temperatures can be attributed to the water mole-
cules contained in matrices of the studied complexes By freezing these lead
to an increase of the Cu—Cu distance and thus to the breaking of the spmn-
spin coupling with their rearrangement in monomeric forms In this manner
may also be explammed the appearance of the second type of dimeric species
at 77 X for which the copper-copper distance has been increased The presence
of water molecules 1n matrices of studied complexes 1s explained by their chia-
trate propertics [27] Thus, the chlatrate molecules of CH,OH and CH;COCH,
from complex (I) and respectively (II), may leave the matrix producing the
active centers for the adsorption of water molecules Because the CH,COCH,
molecule has a greater volume than CHZOH, a more pronounced hygroscopic
character results for the complex (II) than the complex (I). This fact has been
previously elucidated by us using the I R. and thermodiferential measurements
[27]

The ESR spectra at 77 K (Fig 3) also show that the monomer/dumer ratio
i1s greater for complex (II) than for complex (I) An estimation of this ratio
was made from magnetic susceptibility data

b) Magnetic susceptrbility mea-

surements The magnetic susceptibi- ) s
lity of both 1nvestigated complexes

was measured 1n the temperature EBOO |
range 80—283 K It 1s noctied that & 250
the magnetic susceptibility obeys 2 complex(Il)

a Curie-Weiss low, y = ¢/(1' —0), 200k 0
with 6 > 0 (Fig 4) T2 complex(t)
The experimental magnetic

moments per formula umt have o7
the values p'%, = 2675 u, for 100l
the complex (I) and respectively

Gy =2 54 p, for the complex (II) ol

The obtained magnetic moments
arc smaller than the theoretical : 2 ree .
value p, = 282y, calculated for 0 50 co 150 200 250 300 TIK)

the dimenic specics (S = 1), when Fi1g 4 The temperature dependence of the reciprocal
the two spins arc coupled, andff, magnetic susceptibility
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are larger than the value p, = 2.44 p, calculated for two s = 1/2 uncoupled
spins, when the two monomeric species occur The difference between the ex-
pertmental and calculated magnetic moments may be attributed to a mixture
of dimeric and monomeric species If we denote with f, and f, the molar
fractions of momnomeric and respectively dimeric species in the sample, then
the experimental magnetic moment value per formula umt 1s given by the
expression [28]

pesp = (Fubimn + Jutrd)™* (1)

with the condition f,+ f, =1, p, and p, being the two above mentioned
magnetic moments for pure monomeric and respectively dimeric species

Replacing the experimental magnetic moment values in the equation (1),
we have obtained

fa =409 and f, = 609, for complex(I)

fu = 75% and f, = 259, for complex(II)

The difference between the number of monomeric species 1n the two com-
plexes 1s due to the fact that the lattice of complex(II) contains more water
molecules than complex(I) [27]

c) Monomeric species In figures 5 and 6 are shown the 77 K ESR spectra
characteristic for monomeric species which occur in both studied complexes.
A careful analysis of the hyperfine structure from the parallel band indicates

the coexistence of two magnetic nonequivalent monomeric species 1n the case
of complex(I), labelled by I’ and I'" (Fig 6)

The characteristic ESR parameters for monomeric species are given in
Table 1 We notice that the values of parameters for I'" spectes are approxi-
mately equal to those obtained for monomeric species of the complex(IT)
This fact indicates that the two monomeric species are the same On the other
hand, in the case of complex(II} only this type of monomeric species appears

Antosik etal [29] have shown that chloroform forms the weak complexes
with some copper (II) chelates in chloroform-toluene glasses at 77 X Taking
into account these results, 1t may be considered that two momnomeric species
from complex(I) are due to the absence (I'} or the presence (I'") of axial

perturbations, which arise from water molecules acting with the 42 orbital
of Cu®+ ions

We consider that the species (I’) has a square-planar symmetry (tetragonal
Dy), without axial perturbations.

In the case of I species a component of octahedral symmetry (Ok) arises
because of two water molecules situated along of the Oz axis Thus the electro-
nic distributions within the transition metal ion complex are sensible perturbed
by interaction with the neighbouring water molecules This gives rise to the

modifications 1n the values of g and hyperfine tensors (Table 1)
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Table 1
Monomeric &) £y 4y A I o?
specles (10 4cm™1) (104cm "Y)
(1) 2301 2 067 174 21 4 085
) 2327 2 046 162 43 0,83
(I1) 2 324 2 044 165 43 084
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F1g 6 Modification mm time of the 77 K ESR
spectra for complex(I) in the 3200 Gs region

The ratio of the two monomeric species (I''/I') from complex(I) changes in
time due to the water molecules absorption ESR spectra recorded at a year
mnterval show a modification of I''/I’ ratio from 1/3 (Fig 6a) to 3/2 (Fig 6b)
This fact indicates that a number of I’ species become the I" type species to-
gheter with the increasing of the amount of adsorbed water This type of mono-
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meric species which 1s characterized by the presence of two water molecules
along Oz axis is the only present in the complex(II)

The ground state and the first excitated states of the paramagnetic hole
in the case of the square-planar complexes (I’ species) are described by the
following antibonding orbitals {30, 317]:

,B1> = adxz_ya — il ( (1) (3) (4))
1
|Boyy = Bl — (1= B9 (2 + 2 — 47 — p2)
5d,, — == (1 — 8V (p — p®)
B> = “/12 @
| 8 — = (1= 8 (p1 — 1)

The spin Hamiltonian parameters can be expressed as functions of the
coefficients of the antibonding orbitals. These functions are [31]

gy = 2.0023 — X?T, o282 — £(B)] (3)

gL = 20023 — - [28 — g (§)] (4

e e e B el | ®
d=rloft )22 ©

for which A, P and %, and also the functions f(B) and g(38) have already been
defined [31]. AE,, and AE,, are the energies of transitions |B,,> — |B,,) and
|By,y — |E,» respectwely

Considering the two water molecules along Oz axis as two electric dipoles
each of moment p (= 184 10-1% esu) situated at a distance from Cu?+ ion,
these alter the energy of a positive charge at (7, 68, ©) by an amount [29]

H =epa=2?[2 4 32423 cos?d — 1)] (r < a) (7)

and hence the molecular orbitals 1n the I”’ monomeric species can be described
in terms of the orbitals of I’ species perturbed by the axial interaction (7).
The energies of orbitals (2) are altered by amounts given, to first order, by
the appropriate diagonal elements of H’ [29]

(B, |H'|B,,> = 02(2epa=% — 216epa—4aZ 57)
(By, | H'B,,Y = p?(2epa—? — 216epa—taiZa’) ®)
CE,|H'|E,> = 8*(2epa—? + 108epa—1a2Z 5"
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where @, = #2(4n2ue?)-1 and Zg = 1186 is the effective core potential expe-
rienced by the 34 hole -

These axial interactions lead to a decreasing of the separations AE,, and
AE,, by the following amounts:

AE,, [em~1] = (he)=}(B? — o?) (2epa~? — 216epa—*aiZ?) 9)
AEL, [em1] = (he)-1[(8? — o2)(2epa=2) — (32 + 2a2)(108epa—4a2Z57)] (10)

and in agreement with relations (3)—(6) to a modification of g-tensor and A-ten-
sor values 7The substitution of (9)—(10) into (3) and (5) yields the following
express ons for the differences Ag) and A4, -

Agy = g(l”) — anl’)=

_f é’u‘f')A; 2092 [(he)-1(p* — o) (2epa—? — 216epa2aiZad)] (1

Ady= 4y (I") — 4y (I') =
— —zwazwc)—l{m—‘;‘% (B2 — o2) (2epa—? — 216epa~aiZz8) +  (12)
332

+ T(AE)?

[(3 — of)(2epa?) — (8 + 202)(108epa—*aiZi")]

Equations (11) and (12) predict the following changes the parallel com-

ponent of g-tensor for I'" monomeric species should be greater than the corres-
ponding component for I’ species, and A4, component of hyperfine tensor for
I" species should be numerically smaller than that for I’ species because A and
A, are both negative. The experimental results are in accord with this predic-
ion (Table 1). It was obtamned Agy = 0026 and A4, = 12-10—%cm~!

Using the equations (11)—(12) and experimental values of Ag, and A4y,
a distance of 26 A between the Cu?* ion and two water molecules situated
along Oz axis from the I'” species has been obtained For this we have taken
o = 0.85, B2= 3 =0.95 and AE,, = AE,_, ~ 14700 cm~*! as in f{the case of
copper (II) chelates investigated by Antosik et al [29], which contain the
oxygen atoms as ligands

3 Coneclusions. ESR spectra obtained at room temperature show that in
both studied Cu(II) p-clorbenzoates prevail the dimeric species (S = 1) charac-
terized by a short Cu—Cu distance (~ 264 A) as in the other copper acetate
like dimers

At 77 K, the appearance of a great number of monomeric species (s = %)

is evidenced by ESR spectra This fact was attributed to the water molecules
comprised in the matrices of studied complexes which lead by freezing to an
increase of Cu—Cu distance and thus to the breaking of the spin-spin coupling
with their rearrangement in monomeric species. The presence of  ter molecu-
les in matrices of the studied complexes is explained by their chlatrate pro-

perties The estimation of monomer/dimer ratio was made from magnetic sus-
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ceptibility data Its values are 2/3 for complex with CH,OH (I) and 3/1 for
that with CH,COCH,(II) This difference occurs because the lattice of com-
plex(II) contains more water molecules than complex(I)

On the other hand, in the case of the complex(I) the coexistence of two
magnetic monoequivalent monomeric species has been evidenced The I’ spe-
cies has a square-planar symmetry (D,) without axial perturbations In the
case of I species a component of octahedral symmetry (Oh) arises from two
water molecules acting with the 4% orbital of Cu?+ ions This last type of
monomeric species characterized by axial perturbations 1s the only present in
complex(II)

Using the experimental differences Ag, and AA; between the values of
gy and A, parameters for the two types of monomeric species, we have obtained
a distance of 26 A between Cu?+ and apical water molecules

{ Recesved Juns 715, 7982)
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STUDII RES SI DE SUSCEPTIBILITATE MAGNETICA ASUPRA UNOR p-CLORBENZOATI
DE CUPRU(II)

(Rezumat)

In lucrare sint prezentate rezultatele structurale obfinute asupra unor p-clorbenzoatf: de

cupru(IT) prin misuritors RES 51 de susceptibilitate magnetici La temperatura camerer predomini
1
spectile dimere (S = 1) in timp ce la 77K apare un insemnat numir de specti monomere ( s='§*)

Estimarea raportulumi monomer/dimer s-a ficut din datele de susceptibilitate magneticd In cazul
complexulm (I) au fost evidenfiate doud specnn monomere magnetic neechivalente
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THERMAIL DIFFUSION COLUMNS THEORETICAIL, AND PRACTICAL
ASPECTS

GHEORGHE VASARU*

The continuous development of the applications of stable and radioactive
isotopes 1n various areas of research 1s due to the availability of a technology
which makes 1t possible to enrich rare 1sotopes to the desired concentration at
a reasonable expense. Thermal diffusion, (TD), particularly well adapted for
laboratory scale production, belongs to the arsenal of isotope separation me-
thods Recently the method has been used in chemical engineering and in petro-
chemical and other areas of industry to separate molecular solutions, dyestuff
solutions, or petroleum product fractions The phenomenon is also of great
theoretical interest for the study of intermolecular forces, transport phenomena,
and certain aspects of statistical mechanics

TD consists in the fact that in the presence of a temperature gradient
within binary or multicomponent mixtures, a transport of matter takes place,
creating a concentration gradient In this the light componentis concentrated
in the higher temperature zone while the heavy component is enriched in the
lower temperature zone

The existence of TD was first observed in liquid solutions, in 1856, by
G. Ludwig. In the second decade of this century, D. Enskog and independently
from him, S. Chapman developed the general kinetic theory of gases. This
theory led to a conclusion which was unexpected at that time, namely, that
the diffusion may appear in a gaseous mixture as a result not only of a con-
centration gradient (ordinary diffusion) but also of a temperature gradient (TD).
The first experiments that confirmed the results of the theory were carried out
in 1917 by S Chapman and F. W. Dootson.

Although as early as in 1919 S Chapman suggested the possibility of using
it for the partial separation of isotopes on the basis of a small elementary
effect, this phenomenon was not applied for that purpose until 1938 when K.
Clusius and G. Dickel succeeded in combining this effect with a thermal con-
vection current in a column, thus considerably enhancing the separation A
TD column consists from a metal or glass cylinder kept at the temperature T ;
a concentric cylindrical heating element is placed inside this cylinder, kept at
a higher temperature T, (T, > T;) The fluid mixture is introduced and con-
fined into annular space between two cylinders The horizontal temperature
gradient between the two cylinders is responsable for two effects: first, a TD
effect in the direction of the thermal gradient, and second, an effect mvolving
natural thermal convection currents, the fluud being upward in the neighbor-
hood of the hot wall and downward near the cold wall This countercurrent
flow multiplies the single stage separation effect and after steady state has been
reached, a2 maximum separation of the components is obtained The mixture

* Institute of Isotopic and Molecular Technology, R —3400 Clu3-Napoca, 5, P O Box 700, Romania
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subjected to the separation process will be enriched in the light component
(light isotope) at the top of TD column and in the heavier one at the bottom

The TD columns used frequently in practice are - a) hot wire type, with an
electrical heated wire as hot wall and b) concentric tube type, with an electrical
heated calrod The concentric tube type has the advantage of producing more
separative work per unit length than hot wire type. The spacing between the
hot and cold walls of this type of column is usually less than that in the hot
wire column, being a fraction of a centimeter for gas-phase separations and
ouly a fraction of a millimeter for liquid-phase separations

The invention of multistage TD column stimulated the interest in TD
and transformed this laboratory phenomenon in a practical method for achie-
ving dificult separations.

Since its discovery, the TD column has been used for separating components
of both liquids and gaseous mixtures, and very often for the separation of
isotopes The two TD columns, above mentioned, represents the standard equip-
ment for the separations by TD, and in this context, TD is widely used for
the separation of gaseous isotopic mixtures.

Some theoretical and experimental aspects of the TD columns will be
examinated in this paper.

Thermal diffusion eonstant. The value of the elementary separation effect
by TD for a given 1sotopic mixture 1s determined by the value of TD constant,
«y. This constant is very sensitive to the type of molecular interaction and
if the molecular model are more complex, a temperature dependence must be
taken in account.

Knowledge of the value of this parameter is especially important when
attempting to select the most suitable process raw material for the separation
of isotopes This fact has been responsable, especially during the recent years,
for several studies on the development of a theory, of computing methods and
of new experimental methods of determining this constant for a great number
of 1sotopic mixtures

In the case of binary isotopitc mixtures the expressions for the TD constant
are greatly simplified compared with gaseous mixtures with different molecular
components This stmplification consists 1u the fact that the fields of force of
all molecules are essentially identical If the quantum mechanical differences
between 1dentical and nonidentical particles are neglected, 1t may be possible
to consider the 1sotopic mixture as a mixture of two species of particles which
are identical, except that particles of the first species are somewhat heavier
than those of the second This allows development of general expressions for
o, gven by Chapman-Cowling method There are many theoretical expressions
for this constant, for different molecular models (rigid elastic sphere model,
inversion model, Sutherland model, Lennard-Jones model, modified Buckingham
(exp-6) model, a s 0 ) Its value 1s affected by the relative masses, sizes and shapes
of the process gas mixture and is a function of the concentration of the com-
ponents 1n the mixture

Generaly, the theory does not predict the TD constant as accurately as it
does the other gas tiansport properties The accuracy of the theory in predic-
ting TD constant for gases 1s greatest for the noble gases and tends to dimi-
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nish with the complexity of molecule It is therefore desirable for many appli-
cations of TD to determine the «, experimentally, and in this context, three
methods are available a) the two-bulb method, b) the swing separator method
and 3) the TD column method Each of these has inherent advantages and
disadvantages The most precise results can be obtained using the method
b) resulted from a considerable multiplication of the elementary separation
effect. In addition, since only small temperature differences are needed between
the hot and cold ends of the separation tubes in which take place the TD
process, we can make precise measurements of o, for small temperature inter-
vals The operation time is less than in the case of method a) and no gas
operation need to be carried out during the running of the apparatus There
are advantages over the method a) However, the swing separator method shows
more types of errors than the previous method

The method c¢) permits to obtain high separation factors with respect to
the other two methods, reducing considerably the errors in measurement of a,
In contrast to the method b) this method makes possible to determine «, at
a smgle temperature, T, that of the cold wall This avoid the requirement
of assigning an average temperature to the experimental data of «, as 1s done
in the previous two methods

Among the shortcomig of this method should be mentioned the need to
know, with high precision, the other transport coefficients such as viscosity
and diffusion Also, the present theory of the TD column being applicable only
to monoatomic gases, and thus this method can give only qualitative values
for «, 1n the case of polyatomic gases

Extensive details on the theory of the elementary separation effect by TD,
the relation of TD phenomenon with the molecular models, the experimental
methods of determining «, and theoretical and experimental values of this
constant are given in [1—6] These problems are especially important when
selecting the process gas mixture for the separation of a particular isotope

Thermal difusion eolumn. A Theoretical aspects In order to
increase the efficiency of TD process in columns, a column theory had to be
developed, which would take into consideration both the geometry of the column
and the kinetic properties of the gas mixture used as process gas Many theore-
tical and experimental studies has been undertaken for this purpose, leading
to the development of a phenomenological theory of the column for predicting
with more or less sucess the effects caused by the modification of the geometry
of the column and of the operating conditions on the separation Among these
theories, those of K Clusius, G Dickel, I, Waldmann, J Bardeen, W van
der Grinten, P Debye, H Jensen, W H Furry, R C Jones and I, Onsager
may be mentioned A more exact theory of more realistic columns, 1e, of the
cylindric and extreme cylindric columns, as an extension of the general theory
for the plane case, has been developed by W H Furry and R C Jones. A
study of great interest for the separation of isotopes by TD has been published
by these authors in [1] It involved a broad exposition of the theory of TD
columns together with their himitations and interpretation of certamn experimen-
tal data After publication of this study, several investigators supplemented
experimmental data and improved the theory and today it 1s possible to make
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a sufficiently precise evaluation of their performance The general form of the
transport equation 1n a TD column is given by

t=He(l —¢)— K% (1)
dz

which is independent of time and where + represents isotopic transport in the
positive direction The quantities H = H%, K = K, + K,, K, = K%,; K, =
= K%, are designated as column transport coefficients, %, %, , &, are shape
factors which depend on the ratio of radii, the ratio of temperatures and the
type of molecular interaction of the gas used as process gas, while H°, K9
and K¢ are coefficients which are not dependent on the type of molecular inter-

. a .
action; d—c represents the 1sotopic concentration gradient and ¢ — 1sotopic
Z

concentration, in molar fractions The coefficient H 1s proportional with TD
constant and thus i1s a measure of the TD effect The others terms represents
the remixing effect due to convection currents, (K,), and ordinarydiffusion along
the column, (K,)

In the case of a binary mixture the exact solution of the equation (1) for

the steady state condition, without extraction of enriched fraction, is given
by the relation

cr(l — ¢yp)

2
el — ¢r) ( )

for the conditions 0 € # € L and ¢, < ¢ <¢,, where L 1s the length of the
TD column, ¢, ¢, are the 1sotopic concentrations of one of the components at
the ends of column, and @, is so called separation factor at total reflux. Since
the transport coefficients H, K, and K, are proportional to $2, p* and $°, res-
pectively, p being the operation pressure, the separation factor of the TD
column depends on this pressure as follows

HL
= ex —_—
Q. P —

. _ap’
me=0 @,
where
a= %I,E , b= ﬁf (4)
¢ K¢

H’; K] and K being the values of H, K, and K,, respectively, at 1 atm.

From these expressions it 1s obviously that the optimum operating pressure
which allows obtaining a higher value for Q is

Popt = bl“ (5)
for given values for ¢ and &
The variation of separation factor ( with operating pressure represents a
convenient means for checking the theory of TD column.

More details on the theory of TD column, shape factors for various mole-
cular models and their effect on the transport coefficients of the column are
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given 1n [1- 2] [§—8] Shape factcrs has been calculated by R. C Jones
and W H Furry [l] for Maxwellian model, S Raman and S C Sa-
xena [9] for ngid elastic sphere model, G Reinhold and G. Vojta
[104], G Reinhold [11]and E Greene, R. I, Hoglund and E.
von Halle [12] for the inversion model, B B McInteer,M Reisfeld
[18] for the Lennard-Jomes (12,6) model J M. Saviron and coo [14]
for Buckingham exp-6 mcdel and A Youssef and M M Hanna [15]
for polyatcmic gases Knowledge of these shape factors 1s of interest for design
of TD colvmns for scparaticn of i1sotopic or gaseous mixtures

B Pratical aspects 1 Structural detarls A number of factorsrela-
ted to the cptimal cperaticn of a TD column (or a TD cascade) for leng perieds
of time must te taken into consideration mm the ccnstructicn of this kind of
plants, 1mm c1der to maximize therr efficiency In general, two material are
used for the constructicn of TD cclumns glass and metal Glass TD columns
are used expccally m the plants cpciated at pressures up to 1 atm They
are fragile, but they have the advantage of being trapsparent, making 1t pes-
sible to sce what 1s bappcning mmside In this way 1t 1s possible to solve more
easily the ccotening of the heating element in the cclimn Because they break
easily, this type of columns arc not smtable when the cperaticn must be carried
out at picssuics higher than atmrcesphenic, 1mm which case they are 1eplaced with
n.ctallic celumns

The gecmctiy must be carcfully ccnsidered fer beth glass and metallic TD
coltmns m cider 1o aveid rarasitic thcncmena which can affect 1n a ncgative
form the serataticn picccss It 1s alco escential that the system be ccmpletely
leak-t1ght

As secn previcusly, the eiicacncy of a TD column depends on the ratio
cf radit and tcmperatures of the walls In the case of concentric TD column
the 1atio ¢t 1adn, 747y, 7y 1ecpectively 7, being the radius of cold, respectively
hct wall ¢t the celuon, vancd between 2—38, while theee cf het-wire type,
betwecn 5—230 Mest i cecpaentiic tube TD ccliwrrs ate made ¢f metal The
hot-wire TD coltmmn ate wtch mweie widely nsed than the ccrcentiic cre and
may be ccostivcted fiom either glass or mctal The het-wie vsed as heating
element plays {he 1cle cf the hct wall The Icrglhs cf these celtnns 1anging
frcm 1 to 6 mcters For the longer cclimn, attermrpts ate alwaye made to use
straight-lire glass {vbe with a ccnstant diamreter

Glass TD columns (and metallic cne) are described 1n gerat detail i lite-
rature [4—7] The difference m them ccrsists 1n the design used at the both
ends of the column for ccmvenicnce 1n mnserting, adjusting and charging the
hot wall Silandard grcurd-glass jeints are cften uscd 1 this puipcse, spcaally
for TD columns mntended to be crerated for sheit pericds cf time In the TD
columns to be cperated for lcnger times these grcund-glass joinis are vsed as
httle as possible, all parts of the column being welded mstead Wkhen cascades
are used, the TD columns counld be similarly welded to each ctha

2 Sgacers The ccaxial placement c¢f TD cclerrn within the cccinn g jacket
and of the hot wall (hct-wire er calrcd) 1zside of the cclvmn preserts v Gy smior-
tant problcms The iust, and less difficvlt preblem mey be scived Ly eltaching
small glass rods, 1n the case of glass cclumns, cr wetalie 1¢Cs, mn 1he case of
metallic colvmns, which are ¢qual 1 length with the differcrcc badtwnaen the
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inner radius of the outer wall of the cooling jacket and the outer radius of the
cold wall of the c?lumn, in a perpcndicular direction to the axis of the column.
Sets of 3—4 such’ rcds placed at a distance of about 1 m along the cclumn,
the same plane, are sufficient to cnsure gcod centering The placing of the
wire 1nside 1s a much difficult picblem At varicus times diffezent types of spa-
cers has been adepted and many (xpcaiyments have been carnied cut to evaluate
and explain their mnfluence on the jaricamance c¢f the TD colvmn It 1s quite
legitimate to devote co much attenticn {o this preblem, an cff-center place-
ment ¢f the het-wall results 1 Jewar or higher valucs ¢f the azimuthal vanation
of the temperature, which will generate palesitic convection currents aftccting
the separaticn prccess 1 an vrdesnable manncr

The hct wall 1¢ kept m a ccexsal peesticn by meens of specas placad at
vancus distanccs alcngtle cennn Jutlo catc el e —cevjpind kel wite coivmmns
these spacers also hdlp to prevent wire vibraticn i the terrestrial magnctic field.

Quite oftcn wetallic 1D colunrs aie to be prefaired because thear geed
thermal conducticn reduces the azimuthal {errperatuie vauation to a mmimum.
Their high polish surface has the additional advantage that radiative Icsses are
reduced They also can be constructed with gieater precission than glass ITD
columns. In some cases, for concentiic-tube columns heating by steam condensa-
tion or by rapid {low of hquids appear to be better than electrical heating.
During the time, varicus lype of t¢pracers has been uscd carcular discs made
frcm perfcratcd alvminivm plates attached to the hot platinum wize of the
column by welding with gold, cquilateral triangle plate made cf Pt—1Ir alloys
and triangular disks, nickel wire attached perpendicularly to the hot tungstene
wire, noimal to each cther, ferming a cross Small nickel wire were speiwelded
to the tungstene wure of the column

It has generally been observed that neaily all welding or mclting wcibeds
mway modify the stiucture of the wire at the place cf the joint For (aample,
the matcnial 1s castly ovarheated afler a certamn time of operaticn end may
undergo fracture at the point of weldirg In order to aveid this cheit ccmring
self-suproiting spacas has been used 7lhey make it pessible to shide the het-
wire frcely along the axis of the TD column through a hole m the middle of
the spacer Two variants exists the first censists of a cross-shaped brass plate
with a hole in the middle to allcws passage of the hot wiie One fair ol the
branches of the cross 1s bent upwaid and the other downwaid, and the two
together act as an elastic double U which make 1t pessible to attach 1he spacer
at the desired level of the column Since this {ypc covers a laige poiticn of
the annular cross-scction of the column, a seccrd venant was developed, con-
stisting of the winding of four ticces ¢f an dastic wite atcund a cylimdrical
glass (or quartz) picce, The Lrencd s i the coss are alco bent as in the pre-
vicus model, creating a double elastic U Because of the clasticity, the branches
exert a pressure on the wall of the colvnwn, maintaining thcmselves at the desi-
red height. The brass pieces ascur d which the elastic wizes aie coiled have a
diameter of 2—2 5 mm , whie t'. griding hole 1s of 0 3—08 nm The whole
spaccr cover about 0.1—0 4 cn? [5—06]

Experimental studies cn the effect of spacers on the separaticn fcund that
introduction of various tyres of partial obstiuction 1 the laminaiy gas flow,
at regular 1ntervals along a skert TD colvmn, cculd increase the separaticn effect
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by creating vortexes in the gas confined into column. On the other hand, the
spacers improve the centering, thus ensuring on increase of the average tem-
perature of the gas inside of column and thereby increasing thermal diffusion
effect

In spite of the interesting results obtained, there 1s still no theory of TD
column available to take imnto consideration these facts 1n a quantitative manner
Addition of a constant K, to the sum of K, and K, which represent the para-
meter K from eq (1) 1s not sufficient to cover all deviations of the experimen-
tal results obtained with TD columns from the values predicted by the theory
of R C Jones and W H Furry, carried out by exact calculation of the shape
factors

3 Hot wwe and contact problem In view of the long duration of the TD
experiments, the problem of realiability of separation plant depends greatly
on the quality of the material used for hot wire Pt—Ir alloys have a much
higher mecanical strength than pure platinum, but its chemical stability, espe-
cially 1n an atmosphere containing oxygen, 1s not too good because iridium
sublimes relatively rapidly on the cold wall of the TD column, resulting in a
prematur destruction of the wire

If the process gases are not too agresive, either Cr—Ni or W or their
alloys may be used as wires for long period experiments Good results we can
obtamn using Kanthal wires

Electrical supply of the wire 1s made at both ends of the column. Here we
must to ensure a good electrical contact In this purpose many systems has
been elaborated, especially for the end of the column which permits a safety
termal elongation of the wire A simple solution involves the use of mercury
as a contact liquid, immersing the lower end of tensioning weight of the wire
in 1t In the case of concentric tube column, the system bellow 1s often used
in this purpose

4 Determnation of the column walls temperature This 1s an important ope-
ration, especially when experimental data are to be compared with theoretical
ones As the temperature of the cold wall differs only slightly from that of the
coolant, 1t 1s characterized, to a first approximation, by the temperature of the
coolant at the point of entry into the cooling jacket This 1s true only if the
coolant has a sufficiently high velocity and if the thermal conduction through
the cold wall 1s high For more precise determinations, the thermal conductivity
of the walls and the finite temperature difference between the inlet and outlet
of the coolant must be taken into consideration, the latter by assuming that
the coolant 1s subjected to laminar flow 1n the jacket and that the ideal trans-
verse temperature distribution 1s determined only by conduction The most
exact method, however, requires direct measurement of the temperature by ther-
moelectric methods

Similar difficulties are encountered in the determination of the hot-wall
temperature The temperature of the calrod type heating element may be also
determined by thermoelectric methods, by measuring the thermal elongation
or by measuring the average temperature of the gas mixture, using a mano-
meter The first two methods are more precise The third is easier to use

The methods used for measuring the temperature of the hot wire are also
based on the measurements of thermal elongation and heat radiation The
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latter can be used only for glass TD columuns. If the wire has an electrical resis
tivity with a sufficiently high temperature coefficient, the temperature may be
determined using the electrical resistivity

5 Heao! losses The heat 1s transfered from the heating element of the TD
column through the following four paths a) radiation of the heating element,
b) convection currents in the gas, c¢) conduction through the gas and d) con-
duction throuzh the spacers Convection and conduction by the gas are essential
features in the operation of the TD column however, if heat losses by radia-
tion or directly, by conduction through the spacers may be minimized, the
whole separation operation can be made more economical Theoretical and expe-
rimental studies have been made on the heating element for this purpose,
trying out different types of heat transfer toward the cold wall, in order to
understand better the operation of the TD column and to increase the efficiency
and economy of the separation of isotopes by TD

6 Sampling for 1sotope analysis Determination of the TD column constants
by transient state experiments requires the withdrawal and analysis of samples
at well-defined points along the column The withdrawal operation 1s also nece-
ssary when the TD column produces a certain enriched isotope fraction

Sampling may be made intermittently or continuously In the first case 1t
1s 1mportant Lo take into careful consideration the problem of the dead volumes,
especially if the sample 1s withdrawn at the ends of the TD column or 1if several
samples are withdrawn simultaneously at different points along the column.
Fach dead volume causes deviations in the temporary isotope concentration
in transient-state experiments and therefore must be prevented as much as
possible

7 Interconnection of the TD columns The interconnection of a certain number
of TD columus, 1n order to be operated in a cascade, presents not only theo-
retical but also practical probems One of the most important of these 1s that
of reducing to a minimum the volume of the connecting tubes between the
individual TD columns and of the energy required to make an effective convec-
tion Under laboratory conditions, two systems of interconnection are used.
They are based on the principle of the thermosyphon and of the gas pulser
The first sy~tem 1s based on flow 1n a convective loop, which includes the ends
of the mnterconnected TD columns The driving force of these convective tlows
is the density difference between two zones of the gas at different temperatures.
Tn the second system, by some kind of pumping technique, a given volume of
gas 15 sent slowly from the top of a TD column to the bottom of the next
TD column, as.o Thus we obtain ultimately a displacement of a given and
constant volume of gas from the top of the first column of the cascade to
the bottom ol the last column of the cascade The pumping cycle is reversible,
ensuring homogenization of the gas mixture from the top of one TD column
with that ot the bottom of the next, thereby ensuring that the whole gas
mixture of the separation system will take active part 1n the separation process.

The most important advantage of gas pulsers are, first of all, their low
energy consumption, which is smaller than that of the small mechinical pumps:
secondly, 1t 1s possible to separate succesive TD columns conveniently, by
stopping the pulsation when the operations are perturbed.

4 -—— Physica — 1983
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This system has also short-comings. First, the connection that it provides
to the columns is discontinuous, which leads, in the case of continuous opera-
tion, to a reduction of its efficiency. Second, the effective pulsed volume de-
creases from column to column because the distance between the pulsing pump
and the TD columns increases, and thus there is a minimum pulsed volume
in the center of the cascade Third, the system is restricted to a series connec-
tion of TD columns. Serious difficulties arises if the TD columns are intet-
connected in parallel. Fourth, the effective length of the TD column decreases
as a result of the back-and-forth movement of the gas in the column.

This comparative examination indicates that the principle of thermosyphon
1s to be preffered between the stages of a cascade which has a small relaxation
time and a large transport, these essentialy determine the efficiency of the
cascade Omn the other hand, the gas pulser is better to be used in the upper
stages of the cascade Thus, a combination of these two systems seems to be
an excellent compromise. Special attention must be given to the connection
between the stages of the cascade with TD columns operated in parallel. If
the bottoms and the tops, respectively, of the parallel columns are connected,
parasitic circulation of the gas may appear in the loops created by the last
two columns and the two connections between their ends, caused by a possible
difference in the average temperature of the columns. This can affect seriously
the separation capacity of the whole stage. This parasitic circulation may be
substantialy reduced by using solenoid valves at the end of each TD column
for blocking, this would allow only a single TD column, at a certain moment,
in a given stage, to be opened toward the separation system. The valves are
operated by a timer, which opens each TD column for several minutes in a
eycle. Although this time is chosen somewhat arbitrarily, the duration of the
cycle is so selected that it is short with respect to the equilibration time of
the TD column

The circulation of the gas between the columns in a cascade may be pro-
vided also using gas pumps. The following essential features of gas pumps sele-
cted for this purpose must be pointed out. a) the gas losses must be smaller
than 0 1 ml/day NTP at a pressure difference of 1atm , b) the pump should
be able to operate continuously for at least several months, without any control
or imtervention, ¢) the pumping rate should be in the range of 100— 1000 ml/
min. at a pressure difference of several Torr, d) it should have a small volume
in order to reduce the holdup of the desired 1sotope to a minimum [6]

Final remarques. Isotope separation technology makes use of separation
plants which generally are made up of TD columns of either hot-wire or con-
centric tube type. When high separation factors are desired, multistage 1deal
columus must be used In many cases this requires an excessively large number
of TD columns connected in parallel or, additionally, a number of TD columns
for the last stage which are supposed to be smaller than unity When concen-
tric tube columns are considered as unit colummns, the hot-wire columns make
it possible to build such ,fractions” of columns

Hot-wire columns make 1t possible to increase considerable the H?* K ratio
for a given emergy comsumption per unit of length, and thus, the separative
capacity of the TD column.

In the first stages of a cascade 1t 1s often necessary to obtain high values
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for H This may be obtained by means of concentric tube TD columns which
permits to obtain several times H values as large as obtamned in the hot wire
TD columns, so that it can be substantially reduce the required number of
TD columns to be used in parallel.

The concentric tube TD column make it possible to use other methods to
heat the inner wall, eg, by condensed vapours or liquids passed through at
high temperature For large scale plants, a design based on concentric tube TD
columns makes 1t possible to use less expensive sources of energy 7TD, though
its effect is small, has an area of application 1n the performance of such difi-
cult separation as complex mixtures of close-boiling constituents, mixtures of
thermaly stable 1someric compounds and mixtures of gases and isotopes Since
the process 1s thermodynamically irreversible and the TD column throughput
1s small, 1t 1s unlikely that this phenomenon can be economically competitive
with others feasible separation, methods, when large amounts of isotopic enri-
ched product are desired However, since TD columns are simple and relatively
mexpcnsive and can run for a long period of time without difficulties, this
phenomeron can became competitive when small amounts of high enriched

product are desired
( Recerved fuly 8, 1982)

REFERENCES

R C Jomnes, W H Furry, Rev Mod Phys, 18, 151 (1946)

K E Grew, T L Ibbs, Thermal Diffusion in Gases, Cambridge Univ Press, 1952

G Vasaru, Fortschritte der Physik, 15, 1 (1967)

G Vasaru, I, Rap, Thermal Diffusiton A Bibliography, STI/PUB/21/28 TAEA, Vienna, 1968

G Vasaru, G Muller, G Reinhold, T Fodor, Thermal Diffusion Column, Theory

and Practice with Particulay Emphasis on Isotope Separation, VEB Deutscher Verlag der Wis-

senschaften, Berlin, 1969

6 G Vasaru, Separatron of Isotopes by Thesmal Diffusion, Translation Series ERDA-tr-32,
Distribution Category UC-22, USERDA, Office of Public Affairs, Technical Information Center,
Oak Ridge, Tenn July 1975

7 J E Power, Thevrmal Diffusion, in New Chemical Engineering Separation Techniques, H M
Schoen, Ed, Interscience Publ, NY 1962

9 S Raman, S C Saxena, J Chem Phys, 36, 3345 (1962)

10 G Reinhold, G Vojta, Phys Letters, 2, 230 (1962)

11 G Reinhold, Z phys Chem, 224, 384 (1963)

12 E Greene, R I. Hoglund, E von Halle, AEC Research and Development Report
K-7469. Umion Carbide Corp, 1966

13 B B McInteer, M Reisfeld, J Chem Phys, 33, 570 (1960), Report LAMS-2517,
Los Alamos Sa Lab, 1961

14 J M Saviron, D Gonzales, M Quintanilla, J A Madariaga, Preprint, Za-
ragoza Umv, Spam, 1961

15 A Youssef, M M Hanmna, Z phys Chem Neue Folge, 47, 42 (1965)

Q1o 0O N

COLOANE DE TERMODIFUZIE ASPECTE TEORETICE $I PRACTICE
(Rezumat)

Lucrarea contine o analizi a principalelor aspecte legate de constanta de termodifuzie, fac-
torn de formd, problemele constructive ale coloanelor, peretu calzi, contactele electrice, determinarea
temperaturn perefilor coloanei, pierderile termice precum s1 de interconectarea coloanelor de termo-
difuzie intr-o cascadi de separare

Se mdicd $1 ciile de solutionare a acestor probleme, facihitind astfel operarea instalatulor de
separarc 1zotopicii prin termodifuzie in conditn de optim
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A STUDY OF THE OPTICAL LINEAR DICHROISM OF PREFERENTIALLY
ORIENTED SPECIMENS USING A CONVENTIONAIL DOUBLE BEAM
SPECTROPHOTOMETER

TUDOR PORUMB, RODICA SECARA, FLAVIA DOBOSI, DAN STRUGAR

1 Introduetion. The paper presents a method for the detection of the
optical lmear dichroism using a Spekord uv vis spectrophotometer, and illus-
trates the method with a study of the dependence of the linear dichroism
on the internal order of uniaxial, preferentially oriented, specimens. Such speci-
mens include polimeric fibres and stretched films, in which the direction of
orientation (,,director”) is parallel to the long axis of the specimen, and mem-
branes of lyotropic liquid crystalline type, in which the director 1s perpendicular
to the plane of the membrane

Among the various ways, listed in Table 1, of defining mathematically the
linear dichroism, which, phenomenologically, arises from:the dependence of the

Table 1
Mathematiea! ways of expressing lincar diehroism*

1 Dichroic ratio R=44 =1+4@S cos?w) (1 — S)
2. Dichroic difference D=4, AJ_)/A, = 35 cos®w

3 ““Parallel” absorbance A”[A,. =1— S5 + 35S cos?w

4 ‘“Perpendicular’”’ absorbance A_L/A’ =1-S5

§. Incremental ‘‘parallel” absorbance (A” — A4,)]4, = 5(3 cos’o — 1)

6 Incremental “‘perpendicular’” absorbance (4 1~ A4, = =S

* Legend 4 ||» 4) = Absorbance recorded at two mutually perpendicular polanzation directions The umaxial
specimen 1s placed with its director in the plane defined by the direction of light propagation and the ,,paraliel” direction

o = Angle of tilt of the director relative to the ,,paralflel” direction

A .= Absorbance of an equivalent randomly disordered specimen (the o = 0 hmut of 1{3 4| + 2/34 _L)

S = Order parameter defined in text (equation 1)

absorption of plane polarized light on the orientation of the electric transition
moment relative to the polarisation direction, the definition as dichroic ratio
has the advantage of not requiring the knowledge of the absorbance of an
equivalent completely disordered specimen. Any linear dichroism experiment
determines umquely a fundamental structural parameter of the axial specimen,
the order parameter, which is defined as-

S=8<cos?f > —1)/2 (1)

where B, are the angles between the individual transition dipole moments and
the director of the specimen The mathematical relationships between dichroism
and S can be deduced analytically [1] or numerically (see below) For genera-
lity, the formulae from Table 1 contain the angle w of tilt of the specimen,
measured between the director of the tilted specimen and the director of a
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specimen placed in the classical position, 1e with 1ts director along the direc-
tion of the electric vector of the ,,paralle]’” polarized light The tilt 1s nccessary
1n the case of lyotropic liquid crystal membranes, which cannot practically be
placed tangentially to the incident beam, as required by the classical condi-
tion

In the experimental study reported below, one used specimens containing
chromphores introduced by the expertmentator as optical labels, the obser-
vation of dichroism being performed 1n the visible absorption band of the chro-
mophore The aim of the investigation was to facilitate a discussion of the
degree of internal order and the orientation of the chromophores within the
specimens

2 Theoretical computer aided simulation of a preferentially oriented spe-
cimen. A preferentially oriented polimeric specimen, which can be pictonally
compared to a ,,wheat field”, may be described by a gaussian function cen-
tered along the director Such a specimen may be simulated by creating a po-
pulation of the chemical groups of interest which obeys the gaussian model,
as already described [2, 3] The simulation of an amizotropic property of the
spectmen, such as the order parameter or the absorption of plane polarized
light, can be achieved by a summation of the effects over all the members
of the population

For exemple, the calculation of the order parameter (S) for the electre
transition moments of the chromophores in a specimen implies, according to
definition (1), a summation of terms of cos® §, type The results obtamed using
this algorithm were plotted in Fig la as function of the angle between the
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Fig 1 Computed (a) order parameters and reduced dichroic

differences and (b) coiresponding ‘‘best fit”’ angles between the

transition moment and the director of the umaxial system, as a

function of the angle of the transition moment with the polymer

axis, for different standard deviations of the gaunssian distribution
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16 l

14

electric transition moment and
the polymer axis, for various de-
grees of gaussian misalignment
of the polymer chains in the
preferentially oriented specimen.
| The formulation of linear duch-
roism as reduced dichroic differ-
ence (D) enjoyes popularity be-
cause of 1ts simple relationship
with S, namely D=3 S, as
illustrated by Fig. la One no-
tices that although the order
parameter carries information on
both orientation and degree of
misalignment, the two cannot
be separated without knowledge
of one of the quantities from
030300 0 8 7o 80 oo an independent experiment. Li-
ANGLE (TR MOMENT,POLYMER AxI5)  Kewise, a vlue of zero for the
order parameter may arise either
Fig 2 Computed dichroie ratios of preferentially from complete disorder or from
ordered sp e\m mens (Legend as m Fig 1) the orientation of the electric
transition moment at the,, magic
angle” of 54°44" relative to the polymer axis, in any preferentially ordered
specimen.

The angle f which can be calculated from S by eliminating the average
symbols 1n equation (1) has the value of a ,best fit”’ angle of the tranmsition
moment relative to the director, and carries the same information as the order
parameter (Fig. 1b). The dichroic ratio calculations are presented in Fig. 2

3. Linear Dichroism Studies of Stretched Polymer ¥ilms. Experimental
Procedure The polyvinyl alcohol films were equilibrated with a high relative
humidity atmosphere and then stretched, at room temperature. A 509, in-
crease 1n length conferred the specimens positive birefringence, an indicator of
preferential orientation

Results. The absorption spectra obtained from Methylene Blue and Chloro-
phyll a in PVA films are shown in Fig. 3. The dichroic ratio (R) spectra were
calculated by dividing the points of the “parallel’”” and ,,perpendicular’ spectra
1n pairwise fashion, after the baselines (the spectra of the polarizer assembly
alone) were translated so that they become tangent to the sample spectra in re-
gions where the chromophores were known not to absorb The constant values for
R throughout the respective bands (equal to about 186 and 09) correspond to
order parameters equal to 0.222 and —0.035.

The molecule of Methylene Blue is known to orient itself parallel to the
polymeric chains [1], because of its rod-like shape, and to have the transi-
tion moment responsible for the 650 nm band along its long axis (Fig. 3a).
Therefore one may read off the misalignment parameter (the half width of
the gaussian distribution) for abscisa 0 and R equal to 1.86 in Figure 2, as
being greater than 45 degrees.

———t
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F1g 3 Absorption] spectra obtained using plane polarized light from (a)
Methylene Blue and (b) Chlorophyll a i stretched PVA films

The dichroic ratio for the Chlorophyll a sample falls 1n the region close
to unity, which is, as a rule, uninformative

4. Linear Dichroism Studies of Lipid Multilayers — Models of Biologieal
Membranes. Linear Dichroism as Studied at Oblique Imcidence. As the aliphatic
chains of the lipid molecules of the multilamellar structure are preferentially
oriented along the normal to the membrane plane, the dichroism of such spe-
cimens cannot be studied but at oblique incidence One notices that the speci-
mens would look 1sotropic at normal incidence.

The algorithm for the simulation of linear dichroism described under point
2 above was used to obtain a numerical proof, for a series of arbitramly selec-
ted cases, of the theoretical relationship between the R, S and o (optical, struc-
tural and experimental, respectively) parameters (Table 1). An example is
given 1n Fig 4a. The linearity of the R vs cos?e graph and the equality of
the value of the order parameter calculated from the slope of the graph by
virtue of the theoretical relationship (Table 1) to the value obtained from a
separate simulation provide a confirmation of the analytically deduced for-
maula.

A more general formula contains the reffractive index # (Snellius’ reffrac-
tion law) -

— 35 2
R=1+4 prra— cos2w (2)
Experimental Procedure Lecithin/water multilayers were obtained by hyd-
ration of the lipid dried on microscope slides from chlorophorm solutions contai-
ning the largely liposoluble dye Acridine Orange as optical label. The slides
were mounted 1n a special holder which allowed recording the absorption spectra
at oblique incidence
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F1g 4 ILmear dichroism recorded at obhque imncidence (a) Simulation of the

variation of the dichroic ratio of a hypothethical specimen with the angle jof tilt

« defined in Table 1 (Traisitionmoment coordinates in chromophore frame 1,

1, 0, Eulertan angles of .itachement of chromophore to polymer 25 0° [4],

Gaussion standard deviat.cn  10° [Chromophore population 864 members) (b)

Processed absorption spectra obtamned from Acridme Orange in leathin/water multi-
layers, recorded at oblique mcidence (text for details)

The processing of the experimental spectra required numerical subtraction
of the contribution to the absorption due to the pure lipid, which was achie-
ved by subtracting a library spectrum multiplied by a constant selected by
trial so that features at two suitably chosen points of the absorption band
became congruent with those in the known spectrum of the chrmophore

Results Fig 4b shows processed absorption spectra from Acridine Orange
in lecithin multilayers tilted by an angle o of 55°

The dichroic ratio for the band equals abont 07, which correspond, by
formula (2), to an order parameter equal to —0 3

It 1s belived the techniques illustrated above may be useful in a variety

of practical applications.
(Recewved July 8, 1982)
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STUDIUL DICROISMULUI OPTIC LINIAR AIL, UNOR SPECIMENE PREFERENTTAL
ORIENTATE FOLOSIND UN SPECTROFOTOMETRU OBISNUIT

(Rezumat)

Se prezinti o metodd de detectie a dicroismulmi optic limar folosind un spectiofoint. w
Spekord UV VIS, ilustrindu-se metoda cu studml dependenter dicroismulm limar de graci” « o
ordine internd din specimene umaxiale preferenfial orientate (filme polimerice intinse, meml:.1¢

de tip crnistal hchud hotrop)
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INFLUENCE DE LA PRESSION AMBIANTE SUR LES PROPRIETES
THERMOELECTRIQUES DU RUTILE (TiO,) REDUIT OU DOPE AVEL
DU NIOBIUM

V. BABES ct V. (RISTEA

Comme on le précise dans les travaux récents étudiant les proprié—
tés et les applications du rutile (TiO,), I'intérét pour ce maténau se mamfeste
constamment depuis presque 50 ans, soit 4 cause de la grande diversité de phéne—
ménes mis en évidence [1, 2], soit, dans les dermiéres années, 4 cause de ses
applications dans la photoélectrolyse de I'eau [3, 4]

Nos études de 'effet Seebeck sur le rutile réduit ou dopé avec du niobimmm.
[5, 6], nous ont révélé l'importance de la réalisation des conditions de vide
identiques pour obtenir une bonne reproductibiité des résultats Clest aumsg
qu'on a commencé l’étude systematique de la dépendance de la tension See-
beck, en fonction de la pression du gaz de l’enceinte et des autres facteurs gmi
déterminent les propriétés semiconductrices du rutile, cad, le degré de rédue—
tion ou la concentration du dopant

On a mesuré la dépendance du pouvoir thermoélectrique (pt é ) o en fonetiom
de la pression de l'air préalablement séché, o« = f(p), pour des échantillons
monocristalling de rutile dopés avec du Nb en concentration allant de 0,005,
a 1,09, quelques résultats sont présentés dans la figure 1 Pour les échantillomss.
réduits R (rutile monocristallin réduit sous vide & 1173°K), respectivement
TF (couche mince de titane oxydée par chauffage & l'airr & 773°K et apréz
réduction sous vide a 500°K), la variation « = f(p) est de méme type.

Le dispositif expérimental a été déja décrit [7] On a réalisé une admissiom
trés lente du gaz dans l'enceinte de mesure afin d’é¢liminer I'influence de e
facteur sur 1’équilibre thermique, et par la suite, la modification du gradienf
thermique

A partir des résultats ainsi obtenus, nous avons calculé la variation relative:

du pté.
Ad _ Fam % o 1009

Ay Oy

que nous avons représentée dans la figure 2 fonction de la concentration dmr
niobium, C,, Pour comparaison, nous avons porté sur le méme graphique
les niveaux R et TF, correspondant aux échantillons réduits. La courbe ainsf

obtenue peut étre décrite par i’équation

- =A-—BlnC,,

olt A ét B sont des co 1 cients distinets pour les deux régions caractéristiques,
I (4= —713, B=5,12) et respectivement II{4d = 2,47, B = 1,06) de la
courbe (fig 2) :
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L’analyse des résultats présentds auparavant, nous a suggéré les conclusions
suivantes :

1. Si dans le cas des hautes températures de tels phénomeénes de ,,saut”
ont été observés pour plusieurs propriétés électriques du rutile (la résistivité
[1], la tension Seebeck [8]) s’expliquent d’habitude par la perte de I'oxygéne,
genératnce de défauts de reseau aglssant comme donneurs (vacances d’oxygéne,
ions de Ti interstitiels), nous n’avons pas trouvé de références concernant la

dépendance du p.t.é du rutile avec la pression pour le cas des températures
moyennes (environ 300°K).

2, IL’abaissement de Awafa«, avec l'augmentation de la concentration de
Yimpureté, C,,, s’explique par le deplacement du niveau de Fermi vers le bas
de la bande de conduction, le réle du niveau de Fermi comme régulateur dans
le processus de chemisorption de la surface étant bien connu [10].

3. I’étude de V'évolution du p.t.é. en fonction du temps permet de mettre
en évidence l'éxastence des états lents de surface (v ~ 10s), d’une maniére
analogue 4 la relaxation de la charge superficielle & I’adsorption du gaz sur
le germanium [9].

4. Le changement du rapport «flog p pendant I’ augmentauon de la pression

dans l'intervalle allant d’environ 10-2mm Hg, jusqu’a environ 10 mm Hg, peut
étre décrit par 1’équation

a=a -+ alogp

oit «; représente la valeur du p.t.é. pour p = 1 mm Hg et a est une constante
dépendant de la concentration en Nb de I’dchantillon. Cette observation conduit
3 la supposition d’un mécanisme d’adsorption de l'oxygéne par ,,couches” suc-
cessives, c.A.d. la modification de la pente de la courbe o« =f(p) est due

au passage d’une ,,couche’” compléte a une autre plus profonde avec ’augmenta-
tion de la pression. Ce mécanisme a été déja proposé pour l'adsorption de
I’oxygéne sur le germanium [11].

(Manuscrst regu le 8 jusllet 1982
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INFLUENTA PRESIUNII AMBIANTE ASUPRA PROPRIETATILOR TERMOELECTRICE
BB ALE RUTILULUI (110,) REDUS SAU DOPAT CU NIOBIU

Yl 3ot g gec) (Rezumat)

Se pune in evidentd experimental influenta presmunit ambiante asupra tensiunu termoelectrice
a rotilulu redus sau dopat cu miobiu in diverse concentrafn, constatindu-se aparifta unwm ,,salt”
in valoarea coeficientulu1 Seebeck Se studiazid dependenta acestur coeficient de concentrafia de
mobiu §1 se propune o interpretare semicantitativi a fenomenelor evidentfiate
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DOUBLE RESONANCE PARAMETRIC EXCITATION IN PLASMAS

C. BALEANU

As it 1s well known double resonance parametric excitation of waves in
plasma occurs when two pumps are used for waves excitation This process
1s of interest in plasma heating and ionospheric applications and was at first
studied 1 [4]. The papers [1], [4], [5], [6] and [9] concern the case of
unmagnetized plasma and long wave length of pumps, whereas in [10] the double
parametric excitation 1s investigated for fimite wave length of pumps In the
papers (7] and [8] the same process is discussed for an inhomogeneous magne-
tized plasma, while in [2] and [3] the authors investigate double resonance para-
metric excitation via turbulent unmagnetized plasma

The aim of our present paper is to investigate, using the method developed
mn [4], the parametric mstabilities in a two component fully iomized unmagne-
tized plasma immersed 1n two elliptic polarized external electric fields We will
assume that the pump frequencies are near the electron plasma frequency such
that their difference is either approximately equal to the ion acoustic frequency
Q,, or to the double 2Q, of this last frequency

Accordingly, the applied electric field has the form -

Ey(f) = 26,E,, sin o, t + 26,E,, cos w, | +
+ 26,E,, sin (gt + «) 4+ 2,E,, cos (wyt + o) (1)

where E,, E,,, E,,, ,F are time and space independent amplitudes, w, and

w, the electric fields frequencies and « a constant phase difference

We stait from the two Vlasov equations for electron and 1on distribution
functions respectively under the form they acquire after a Dawson transfor-
mation to a frame oscillating with the electrons was performed

9 - g —»I ~ - —
(_+uj—iE (o, t)i)ﬁ,(p, w ) =0 2)
ot m —
de ou
P — a e —t, -’v —?_\ — - _
(5 +V— = +—E'(r, 1) qJF,(r, v, ) =0 )
4 v
together with Poisson equation
div E = —47:3\1?,(17) +dme ( 7, dv = div E’ (4)

Tilda denotes here quantities defined 1 the coordinates frame oscilating with

electrons In the above cquations E'(; £) 1s the fluctuation field

—

E'(r, 1) =El(p, {) = E(r, £) — E4() 5)

!
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assumed to be of electrostatic origin, Whlle—’p and # are given by
T —Tolt) = p, U — Vo(t) = (6)

;O(t) and ;o(t) being here particular solutions of the equations of motion

dolt) e = drolty -
D) e T, 0 5y 7
dt 1 0( ) dt Yo ( ) ( )

Proceeding as in [4] we have obtained the following integral equation for the
Fourier transform of ion density

ANA}'V
mo) = —y(0) 2, ———n(e + 0, — wy) + 1, (8)
N, N gdo — wn)
where
no = 1, + A (57 A, (©)
b, ) =tS dy etk 1t = 0)
w— hu
n(k, ©) =1\ du—
’ o — ku

The convolution operator A, in this equation 1s defined by

Ak, 0) = AA(k o) = ($2 A0 —w) 4k ) (10)

Aw) = o 3 AyE) — (11)

m+wN

In contrast with [4], where N stands for a pair of integers (#;, #,) which may
be thought of as occupation numbers for the pump modes, there appears 1n
the case considered here four integers due to the elliptic pumps polarization, such
that the frequencies are given by the following expression

wy = (1, — #y,)o; + (Ha, — #g,)0, (12)
Besides A, 1s given in (8) and (11) by

-

—

t(Mr — Poyla "'w*”vi
A (k)= J aro(iae) T ory (Pay) F o (20 e T ey (22y) € Mgy + re)

where [, ,(uss, y) T€presents the #,, ,-th order Bessel function of the argument

(13)

oy y = — 2202 (s=1, 2) (14)
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The inverse operator which allows us to pass from Ato A is:

A7 w) = A_y(o) =125 A% :

W — Wy

(15)

while the expressions of the Fourier transforms of the partial dielectric function
are :

—

b, @) =14 1k ), &k ©) =1+ yE o) (16)
Here y,(k, o) represents the electron susceptibility in the oscillating frame whe-

—

reas y(k, o) the ion susceptibility in the rest frame. These two quantities
are given by

— 2 — 1 — -
v(F ©) = ";Z‘ Sdu— kL F(u)

W — ku au (17)
7 2 “' 1 7 0
(& @:%S‘zr k_.kg Fol(v)
o — v
In the above expressions 1-5,0(;) and ﬁ,o (;) are the space — time average of

the electron and ion distribution functions respectively Provided that the higher
order termis than the second order anes are neglected in g, ,, the following selce-
tion rules establisched in [4] for the occupation numbers can be applied -

(a) M1z — Wiyt Noy — Noy = Ny, — Hyy + #y, — Ny
such that (o -+ wy — wy) lies the 1omic frequency range
(b) 112] + |m1g] + [912] + 93] + 102] + [B0y] + |102] + |12y] = 2,

since only the second order terms 1n y,,, are to be retained

(c) Nz — Ny + M3, — n3, = 4 1; since (® — wy) must be close to the
electron plasma frequency The table below lists for the case investigated in
the present paper all the possible combinations of the occupation numbers
which fulfil the three preceding conditions

P 1y oy Moy Prx ";y Py "éy Oy — O @y On
1 0 0 0 1 0 0 0 0 wy [
0 1 0 0 0 1 0 0 0 — —w,;
1 0 0 0 0 0 1 0 A ©; gy
0 1 0 0 0 0 0 1 —A —w, —t,
0 0 1 0 1 0 0 0 —A 2% ©,
0 0 0 1 0 1 0 0 A — o, —
0 0 1 0 0 0 1 0 0 W, ©gy
0 0 0 1 0 0 0 1 0 —w, — o,

—~1 0 0 0 —1 0 0 0 0 —wy —y
0 -1 0 0 0 —1 0 0 0 ©y o,

—1 0 0 4] 0 0 —1 (] —A —w, — Wy
0 —1 0 0 0 0 0 —1 A w0, ©gy
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2y, 7y Ty, Mgy ny, n;y % gy ©, = O ©, S
0 0 | —1 0 | —1 0 0 0 a —a, —oy
0 0 0 —1 0 —1 0 0 —A Wy o,

—1 0 0 0 0 1 0 0 0 —a, — oy
0| —1 0 0 1 0 0 0 0 o, oy

—1 0 0 0 0 0 0 1 —A -, —ty
0 —1 0 0 0 0 1 0 A w©; Wy
0 0 | —1 0 0 1 0 0 A — o —ay
0 0 0 | —1 1 0 0 0 —A g o,
0 0 | —1 0 0 0 0 1 0 — o, —ay
0 0 0 | —1 0 0 1 0 0 g .
1 0 0 0 0 | —1 0 0 0 o, oy
0 1 0 0 | —1 0 0 0 0 —a —ay
1 0 0 0 0 0 0 | —1 A oy g
0 1 0 0 0 0 | —1 0 —A —e, — g
0 0 1 0 0 | —1 0 0 —A wy oy
0 0 0 1| —1 0 0 0 A — 0, —w,
0 0 1 0 0 0 0 | —1 0 @, oy
0 0 0 1 0 0 | —1 0 0 —o, — oy

Meglecting 1 (8) the inhomogeneous term 1t results

X(w)n (o) =Y (o) 70 + A + Y_(co)@,(w — A) (18)
where *

X(o) =@ 4 L Y ! 19

((1)) E,(O)) + 4 Xl(w) s=21,2I P'al { 5:(03 + ‘05) + Ez("’ - wa)} ( )

. l Fie (£) (£} 1 1

Vi(o) = — o ulo)e T wiHus [ b (20)

pi* =u, g 21)

A=, — o, (22) (@) = 1 4 y(0) + ylw) (23)

We must observe here that the difference between our expression (18) and expres-
sion (25) given 1 [4], follows from the fact that in our above considerations
tthe complex expresion (21) occur instead of the real ratio us of the excursion
length 1n [4] From the developments of our present paper we may conclude
-#hat the parametric instabilities in a two component fully ionized unmagne-
tized plasma immersed 1 two elliptic polarized electric pump fields have the
same qualitative behaviour as in a linear polarized pump fields Therefore, the
resnlts obtained 1n [4] for these linear polarized pump fields can consistently
be extended to the case of elliptic polarized pump fields under the condition
.#hat the expression (41) from [4] for the ratio of the electrostatic field energy
to the election thermal energy would be replaced by

A =L re ) % (BY4n) (17) - cos e[‘iﬁ(l + ﬁD)] (24)

where # is the electron density, T, temperature, 6 the angle between Ey and
£, Ey being given by
EsO = Eszéz + Esyéy (25)
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Similarly as in the case of two linear polarized pump fields, in the elliptic
polarized pumps here studied, circumstances may occur such that the waves
excitation in the considered plasma by two combined pump fields may have
a lower threshold than by only one pump field.

" Stimulating discussions with professor M. Driganu are gratefully acknowledged.

( Recesved Oclober 7, 1982)
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EXCITATIA DUBLEI REZONANTE PARAMETRICE IN PLASME

(Rezumat)

Folosind metoda din [4] sint studiate instabiliti{ile parametrice pentru o plasmi nemagnetizatd
sitnatd in doud cimpur: electrice polarizate eliptic pentru cazul in care frecventele celor doni pompe
sint apropiate de frecventa oscilatilor Langmuwr, iar diferenta lor este aproximativ egald cu o
frecventd joasi de rezonantd

Pe baza studiulwm efectuat se poate trage concluzia ci §1 in cazul polariziru eliptice apar sttu-
atii in care excitajra cu aptorul a doui cimpuri pompi poate avea un prag mar scizut decit in
cazul folosirn unwi singur cimp pompd

s
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THE SPIN-GLASS PHASE IN THE SPIN-DENSITV-WAVE MEDIUM

ZS. GULACSI, M. GULACSY and M. CRISAN

1. Imtroduetion. The recent experimental data obtained by Hedgcock
etal. 1], Strom-Olsen etal [2] Giurgiuetal [3]on the chromum
alloys containing magnetic impurities suggested the coexistence between the
spin-density-waves (SDW) and the spin-glass state. The interaction between
the conduction electrons in the SDW state can generate an effective spin-spin
interaction [3] In this paper we study the spin-glass phase which appears in
a system of localized spins which interact by random exchange integral J,
and at the same time the second order electron-spin interaction gives rise to
another random spin-spin 1nteraction

The Hamiltonian for such a model 1s

- ‘L; JuSS;— & 2 2,5, 5455 (1)
177 1#7
where 7, = 4-1 indicates the two possible orientations of the SDW at the mmpu-
rity site and «, 1s a random variable which is given by the cos (QR) dependence
of the SDW energy gap, A(R) ; g is an effective coupling constant given by g =
= N(0) A%(J,/v)* In the definition of the effective coupling constant g, N(0)
is the density of states, A 1s the energy gap (the order parameter of the SDW),
J11s the ,,s — d” (f) electron-spin integral and V is the electron-hole attractive
interaction
In the sect 2 we will calculate the free energy, the magntization and the
Edwards-Anderson order parameter in the approximation that the SDW state
is not influenced by the spin-glass state The stability of the phase 1s discussed
in sect 3 and in sect 4 we will present the conclusions which are obtained
from this model
2 The free enmergy, magnetization and the Edwards-Anderson parameter.
In the model described by the Hamiltonian (1) the exchange integral [, 1s a ran-
dom variable with the Gaussian distribution
—_— 2
By(])y == exp [ e R ()
and %, is a random variable distributed according to the cosinus distribution
function

1
p 3
2(xr) «/1 . x‘ ( )
The general formula for the free energy, in the replica-trick formahsm will be
written as

f=—Thm m L IT, I_[dedx,d],, T %

Noow n=0 Nu | ()

(4)
Py(x) Py (x)exp ( 8 Z;l :rca) - 1} ,
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where %* 1s gtven by (1) with the Zeeman term ZH S,, H1s the magnetic

field, and « is the index of replica
In order to calculate (4) we have to evaluate the integral

1 *3
— exp [zr7,%,%,] = F(2), 5
7% 1,7 SS\/l—-h 1_,,; LA ()
For 1 # 3, F(z) can be expressed as
S 2KV (Z | zZ? z4
p— — ~ —_—— —— 61
R =y o5 e ] ©)

but we will keep only the quadratic terms from (6)§ and the interactions of the
spins from two replicas In this approximaticn (6) becomes

[ 25“5“} - exp[ 2 S“S“S"S‘*] (7)
and using (7) the free energy (4) becomes

f=~—Tlim hm—gTr exp[ (Z Jo SyST +
1# 7 \a=1

Now N-0 N:

o o B H a

’ g
where J2= J2 4 (g/2) , (8)
Following the usual way from the replica trick method [4] we get trom (8
~ = e
SN 2 P S LA
b [ ot oIy (1 — g2 — Tk 111(2 cosh D )| ; (9)
where
= — .12
] = N: = JN f 1 —~ — =
70_§0N1/2]§ ]ng/z EZF[]°17I+H+Y\/QJJ’
11— J1 » = )
and

;o= S 7: e 2 lcmlzzzy (10)
. \

3 The astablhty of the spin-glass phase. From the free energy (9) we
can calculate f= f — f(g = 0) and we get

-~ 2 -~ 2
g 1 [ ¢
5 = |2ty [Tf(zrw) _1]>O' (1)
where ¢, = T/T, and T, 1s the critical temperature for the SDW state. The
result obtained from (11) shows that the spin glass state is unstable energe-
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tically and the entropy per spin is negative at 7 =0 If we neglect the di-
rect spin-spin interaction | = J, = O the spin-glass phase appears only due to
the effective spin-spin interaction. This phase appears at

T = %’g‘(:r, NOV, T.), (12)

The phase diagram in the variables ¢, = T/T,, 7, = J./V can be obtained from
(11—12) at a fixed 6 = N(0)T,, and this phase diagram is given in fig 1a.

0,4

0 1 2 v
F1g. 1 Phase diagrams for 7: To = 0 for the varables

a) = TTu, 31 = JoJV for B = 0,01;
b) t=TjQ, v = N(O)V for =2 and o« =05
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The atractive electron-hole interaction is an important parameter of the modeél
and from (12) we will study the phase diagram in the varnables ¢ = T/Q, v =
= N(0)V where Q is the cut-off energy in the theory of the SDW state and N(0)

the constant density of states for the electrons For a fixed a;= N(0)], JN({0)Q
the phase diagram 1s given 1n fig 1b and one can see that the maximum of
the freezing temperature 7, defines a critical value N(0)V, which separes
the two different behaviours of T, and 7, Concretely T, is decreasing with
Ty if v < N(O)V,, and T, increases if 7, decreases for v > N(0)V,. For all
values of « we have

NO)V,> 1 (13)
and this relation defines a critical interaction
v, = NOV, = 1 (14)

with the properties

1. For v <v, we have T, ~ T, for V-0 or T, > T, if v—v,. The both
temperature T, and T, are increasing (decreasing) with the variation of v,
independent of .

2 For v > v, the behaviour of T, and T, is determined by o« For small «,
Ty> T, and the changes 1n v give rise to the opposite vanationin Tyand T.

The phase diagram for J # 0 in the variables, ¢, v, = J/Q is given 1 fig. 2.

2¢t
i
1
7
A=0 /’
gq=0 //
/
A#0
\ 1% q=0
Dy =\Q¥
q#0 9
S~ “
A#0
q#0
.
1
J

Fi1g 2 Phase diagram for 7;’0, 70 =0 case m {= T/Q, v=N()V,

; = J/Q vanables, with m = 0,~ = 0,57.
k13
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The thermodynamic properties and 7, as function of concentration will be dis-
cussed 1n a future paper

4 Diseussions. The model presented can be a resonable starting pomt in
the explanation of the experimental results obtained by Giurgiu et al [3]
for the chromium alloys with some rare earths impurities Our theoretical model
considered a disorder of the impurities which is more realistic than the only
disorder given by coupling between SDW and impurities However, the calcula-
tion of the phase diagram showed that the problem of the occurrence of the
spin — glass 1n the SDW medium is dependent of some parameters which have
been missed 1n [3] There is another problem which is still open. In [3] as 1
this paper the spm-spin interaction has been considered to be a long-range
interaction. In this case we can perform easyly the average on the configurations,
but if the nonmagnetic 1mpurities or the thermal excitations change the spin-
spin interaction 1n a schort-range interaction all our calculations are not correct
and we have to look at the problem 1n the spirit of a recent model proposed by
Abrikosov and Moukhin ([5]

Finally we have to remark that the presence of the cusp i the magnetic
susceptibility is not emough to decide about the neture of the nature of the
spin-glass and the specific heat measurements will be necessary.

Acknowledgements One of the authors (M C) 1s grateful to Professor G Tolouse for useful
discussions on the problem.

{ Recerved Oclober 19, 1982)
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FAZA STICLOASA DE SPIN IN MEDIU DE UNDE DE DENSITATE DE SPIN
(Rezumat)
Se analizeazi apantia stdru de sticld de spin in prezenta undelor de densitate de spin, folo-

sind aproximatia replicilor Diagrama de fazd se obtmne in aproxamafia ¢4 unda de densitate de spin
nu este afectatd de interacfia spn-spin
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INSTABILITATEA MAGNETOHIDRODINAMICA DE TIP
RAYLEIGH-TAYI,OR A UNUI MODEIL DE PLASMA COMPUSA
ECUATIA DE DISPERSIE

MIRCEA VASIU

Introducere. In prezenta comunicare ne propunem si stabilim ecuafia de
dispersie pentru cazul unui model de plasmi in care se desfisoard o instabili-
tate de tip Rayleigh-Taylor Dupi cum se stie o astfel de instabilitate apare,
in cazul a doud stratun de fluid suprapuse, la suprafata de separafie a fluidelor,
considerate ca avind densititr diferite. Fluidele se afld sub acfiunea accelera-
tier gravitationale g

Aceastd problemd a constituit obiectul de studiu a numeroase lucridn con-
sacrate atit comportdru fluidelor obisnuite, cit si celor 1onizate, in prezenfa insta-
bilititir de tip Rayleigh-Taylor In acest sens mentiondm lucririle elaborate de:
S Chandrasekhar (1], R Hide [2], S Talwar [3], S Ma-
heshwari, P Bhatia [4], R. Sharma, K. Srivastava [5],
P Ariel, B Aggarwala [6], M Vasiu [7]

Importanja unor astfel de studii se explici prin interesul lor sub aspect
aplicativ pentru plasma cosmicd (in special pentru cazul unor modele de atmos-
fere stelare)

In lucrarea de fati ne bazim pe lucrarea noastra [7], in care s-a analizat
problema stabilinii ecuatiei de dispersie pentru un model de plasmi, in prezenfa
nstabulitifii Rayleigh-Taylor, care este constituiti dintr-o singurd componenti,
ionizatd, cu conductivitate electricd finitd, supusi la acfiunea accelerafiei gra-

— —
vitationale g (0, 0, —g), st la actiunea unui cimp magnetic B, (B,, 0, B,) uni-
form $1 constant Modelul de plasmd pe care-l analizim in prezenta comunicare
este constituit din doud componente: o componenti ionizatd, cu conductivitate
electricd finitd s1 o componentd neutrd Atit componenta ionizatd, cit g1 com-
ponenta neutrd se considerd incompresibile,-neviscoase. Densitdfile componente-
lor respective ¢ si p, se considerd funcfii de vanabila z (utilizim sistemul car-
tezian de axe Oxyz) Atit componenta ionizatd, cit si componenta neutrid se
—

afld sub actiunea acelerajiei gravitationale g (0, 0, —g) Componenta ionizatd

se afld si sub acfiunea unw cimp magnetic uniform §1 constant B o (B,, 0, B)).

Intre particulele 10mizate si cele neutre se exercitd ciocniri caracterizate de frec-
venja de ciocnire v,

Sistemul de ecuatil magnetohidrodinamiee pentru mijeile perturbatii. Scrind
sistemul de ecuatll magnetohidrodinamice pentru modelul de plasmia analizat,
Iuind in considerare cazul micilor perturbajit (se neglijeazd din calcule patra-

tele s1 produsele perturbatiilor) se obfine urmitorul sistem de ecuaju diferen-
tiale

o L1 s =, 2= S
P = —VE +- (Bo- VB —V(By - B) + e (vi—7) + 80" (1)
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p»% = — puv, (¥, — V') + gpn @)
at ’
¢}, =,
a ——(1),, : V)Pm (4)
3:;' _ (B'o . V);, + VMAE', (5)
V-B=0V-7=0V-v,=0, (6)

unde v’ este perturbatia vitezei unwm element de fluid ionizat, p’ este per-
turbatia presiunii fluidului ionizat, B’ este perturbajia cimpului magnetic,
v, = L este coeficientul de viscozitate magneticd (u este permeabilitatea mag-

(o)
neticéua mediului, o este coefic-entul de conductivitate electricd a mediului 1oni-
zat), V este operatorul nabla, A este operatorul lu1 Laplace.
Precizim c& prmn indicele # s-a notat apartenenta mirimii respective la
componenta mneutra
Perburbatiile se considerd de forma

¢'(%, ¥, z, t) = o%(z) exp (1h,x 4 kY + wi), (7)

unde ¢*(z) este amplitudmea perturbatier (comsideratid ca functie de vanabila
z), k., k, sint compomentele vectorulur numir de undd, 1ar o este pulsajia.

Scriind sistemul de ecuajii diferentiale (1)—(6) in proiectu pe axele de coordo-
nate, inlocuind (7) in ecuatiile respective, efectuind calculele, se obfine sistemul

A

de ecuatii diferentiale in amplitudinile perturbatiilor.

wpw* — 22 (DBY — 4k, B3) — p,y.(uh — ) = —h ", ®)
[
& B, * ’ * B, * *
wev* — 2 (DB} — 1k, BY) — 2% (1h,B} — 1k,BY) —
B @
— o Ut — ") = —ik,p", ©)
wpwt — 2= ok, Bf — DBY) — oy (wh — w) = —Dp* — go*, (10)
i
oty + v,(uy — u*) = —ik, P, (11)
WU 4 V(0 — ) = — th,p5, (%)
0wk + v(wh — w*) = — Dpt — got = —gopk, ©)

. we* = —(Dp)w*,- (<)
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wpy = —(Dp,)ws, (
@B} = (ik.B, + BD)u* + v,(D* — BB, (
B} = (1k,B, + B,D)v* + v,(D* — F3)B,, (
B! = (tk,B, + B,D)w* + v,(D? — k) B, (18)
tk,B% + 1k, Bt — —DB?, (
thu* + 1kt = —Dw*, (
ko + 1k vy = —Duwyj. (21)

S-a admis ci Dp, = O (presiunea compcnentel neutre este constanta) Componen-

tele vectorilor vitezid sint o'(#, v, w) s1 v:(u,,, U,y W,)-

Aplicind un procedeu de calcul analog cu cel utilizat in lucrarea [7], se
obfine, in urma calculelor efectuate, pentru p = const, p, = const. (la supra-
fafa de separare z = 0), ecuatia difereniiald de forma

%k, B, Q.0 B N
(Dz—kz)[D2+TD—(“—B§—+ Bﬁ)]w —0. 22)
Aceasta ne conduce la ecunajiile
Dxw* — Rrw* =0 (23)
si
Dro= 4 2k, Dw* — yw* = 0, (24)
unde
B, pO,0 | kB oo+ v(l + o)1p
B 1=, Qs m‘ﬂ : (25)

Cazurij particulare. 1. In cazul in care se considerd plasma constituitd dintr-o
singurd componenti (componenta neutrd nu se ia in considerare) (v, = 0},
ecuatia de dispersie (24), tinind seama de (25) (Q = pw), se reduce la forma
objinutd in lucrarea noastrd [7].

2. In cazul in care plasma se considerd constituitd dintr-o singurd compo-
nentd (componenta neutrd nu se ia in considerare)(v, = 0) si componenta ioni-
zatd are o conductivitate electrici infiniti (v, = 0, Q, = o) ecuatia (24) se re-
duce la ecuatia obfinutd in lucrarea [5]

Intr-o alti lucrare ne vom ccupa de stabilirca criteriulun de instabilitate
magnetohidrodinamicd je taza ccraticr (24)

(Intrat in sedacjre la 15 oclombrie 1982)
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I/INSTABILITE MAGNETOHVDRODYNAMIQUE DE TYPE RAYLEIGH-TAYLOR D'UN
PLASMA COMPOSE L'FQUATION DE DISPERSION

(Résumé)

Dans le présent article nous voulons dédwre I'équation de dispersion pour le cas de l'insta-
bilité magnétochydrodynamique de type Rayleigh-Taylor d'un plasma composé, incompressible, non
visqueux, avec une cornduchiwilé élecirique finme

-
Le plasma se trouve sous l'action d'un champ magnétique uniforme By(B,, 0, B,) et sous l'ac-
—

tion de l'accélération gravitationnelle g(0, 0, —g)
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FAST NEUTRONS SPECTROSCOPY WITH ORGANIC SCINTILLATORS

L. DARABAN,* I. CHEREJL,* T. FIAT

1 Introduetion. The best known methods for neutron spectroscopy are

a) the energy measurements of nuclear reaction products, ie the energy
of « particle from ¢Li (#, )T [1];

b) the time of flight measurements [2] and c¢) the energy measurements of
the recoil protons [3—71.

The reco1l protons can be detected by a proton recoils telescopic counter or by
an organic scintillator in which the recoil protons are generated by neutrons
scattering. The scintillator material can be stilbene and anthraceme crystals,
liquid or solid state plastic scientillators

In this paper the evaluation of the neutron spectrum with the ai dof NE—102
type of plastic scintillator is analysed and the problem of calibration in proton
energy terms with the help of Compton electrons is discussed.

2 Fast neutrons spectroseopy by recoil protons method. Because the scatte-
ring of neutrons by protons is isotropic in the center of mass system up to
10 MeV incident emergy (with 59 deviations up to 15 MeV [57), the recoil
proton spectrum for an incident group of monoenergetic neutrons will be rectan-

gular shape, the recoil proton being equally likely to have any energy from
that of the neutron downward:

E,=FE, cos%0 (1)

It follows, that the derivantive of the recoil protons rectangular shape spectrum
will give the peak of monoenergetic neutrons spectrum [5, 6] But the recorded
pulse height spectrum has not this i1deal shape because the scintillation res-
ponse of the counter to the protons energy is nonlinear

The distortions arise due to the finite size of the detector and to some of the
multiple scattering effects [6, 7] as follows -

a) the proton escaping from the scintillator ends or walls causes the failing

of all their energy deposition and consequently the neutronic peak will be
decreased ;

b) multiple scattering of neutrons by several protons provides a negative

intensity peak in front of the actual neutronic peak so this later peal appeares
slightly increased,

c) neutron-proton scattering after the neutron was elastically scattered by
a carbon nucleus.
The net results of these distortions, wich are to some extent selfcompensatory
is a decrease with 5%, in the amplitude of the neutron peak at 26 MeV and

with 259, at 14 MeV, respectively [7]. The recoil proton spectrum of 14 6 MeV
neutrons 1s shown in Fig 1

* Institute of Isotopic and Molecular Technology, Cluj-Napoca



76 L DARABAN, I CHEREJI, T FIAT

Relative counting rate (de/ dLy
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Fig 1 a prefect 1esolution b — smngular and second n — p

scattering, ¢ — second scattering from hydrogen, d — n — 2

scattermg after the neutron was elastically scattered by a carbon
nucleus, e — actual spectrum line

The data were obtained with a plastic scintillator of NE-102 type in the
range of 0—30 degree flight angle located at 5 cm from the tritium target
bombarded by 65 KeV deuterons. The study of neutron energy from neutron
generators in the cases of D—T and D-—D reactions 1s discussed elsewhere [8].

The organic scintillators are known to be sensitive to gamma radiation.
The neutron spectroscopy is difficult to perform when the gamma component
is present In the above two cases the neutron component is pure The incident
neutron spectrum can be unfolded from the observed recoil proton spectrum as
in [6], using the relationship given bellow :

N, _ __E,[dL 4 (dL dN, @)
dE, dL \dE, dL )]E,,m?,

dE, €y

where, dN,/dE, is the number of neutrons in an energy interval dE, and e,
is the neutron efficiency [9]-
d 1 —exp(—a- d)

€ = NyuOy ad
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where d = the crystal length, @ = #, - o, + #,0,, #,, n, = number of hydrogen
-and carbon atoms per unit volume, respectively (atomsfcm?®) and o, o, = total
microscopic neutron cross section of hydrogen and carbon, respectively, for an
neutron energy E, (cm?/atom).

The values of (3) function for stilbene crystal are given in ref. [9] Then

2L =0.191 - E1oe (4)

P

which is the pulse height — energy relationship for different proton energies
due to the non-linear response of the scintillation crystals to charged particles
A detailed study of this so called ,,Birks function” is given by [10—14] for
plastic scintillators and by [15, 16] for stilbene crystal. The observed ;ecoﬂ
proton spectrum dN,/dL can be converted in proton energy after a prelliminary
calibration of pulse height analizer channels with dL/dE, values determined
from Compton electrons energy. These values are fitted with the empirical
relation (4) in the pulse height per channel terms and so we deduce dN,/dE,
recoil proton spectrum. With the help of a computer program [8] this spectrum
is derived and multiplied by dL[dE, and (—E,) respectively, step by step in
all neutron energy intervals as
in (2)

3. Organie scientillators ea
libration with gamma radiation.
The absence of high atomic
number materials in the scinti-
Hator results in a response to
gamma rays which is completely
due to Compton scattering
The response of stilbene to ga-
mma radiation is discussed 1n
[5—7] and the plastic scintilla-
tors efficiency in [17—21]
Therefore, using Comptons rela-
tionship we deduce for a B7Cs
gamma ray source that E, =

60
Co = 0479 MeV and 1038 MeV for

. 80Co, respectively The Compton
: ; ) edge from these sources in the

i { NE—102 plastic scintillator are
: shown in Fig 2 The intrinsic
resolution of the spectrometer
is estimated from the spread

h \ introduced into the Compton

Relahve counting rate

! dge of gamma ray spectra obser

5 — cdgeof g 2y Sp :
ey MeV) 21'77 13073 ved. Due to statistical smearing
Ep=EniMiev) 22 processes one observes no 'de-

Fig 2 The calibration with Compton electrons energy ~ finite high energy edge In [3]
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the high energy stde of Compton electron distribution 1s extrapolated to zero
intensity, and this point 1s taken as the pulse height for E__  electrons (da-

shed Iine in Fig. 2) Thereis also the possibility for using the 509, fractional peak
height energy in a spectroscopic fashion as a measure of the Compton edge
energy (solid line 1n Fig 2)[6, 17—19] In references[20, 21] this point 1s locatted
at 2/3 and 809, respectively from the drop off at the end of the Compton
electron pulse spectrum (dotted line 1n Fig 2) These Compton electron energies
can be converted in equivalent proton energy which would produce an identi-
cally pulse height, described by the empirical relation [3]

E :( Eerna }1/1 i (5)

? 015

or by experimental measurements given in [22] for stilbene crystals and by
[23]) for NE—102 type of plastic scintillator Therefore the equivalent proton
energies of ¥'Cs and®® Co source Compton electrons 1s E, = 22 MeV and E, =
= 37 MeV respectively

To fit the (4) relation m pulse height analizer channels terms, we represen-
ted at different gain the spectra given in Fig 2 and we reccalculated in fic-
tive proton energy The calibration curves of the three cases discussed above
are given m Fig 3

=
[=]

SBgp =€
Pt 1

o)
E 2
N\

—
~
=

1001

Relative counting rate (dNp /dE

(=~}
<

Fig 3 Compton edge at
mud-point (x) (6, 17, 19],
or obtained by extrapola- 20
tion to zero intemsity (A)
[6], or located at 809
from the dropoff at the
end of] the electron spec,
trum (0) [20, 21],
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Solid line spectrum 1s the recoil
L proton spectrum and dotted line
‘ 340_’ ‘ spectrum 1s corrected recoil proton
3201 spectrum with the help of Birks
= 300'_ function
o [ (lf 4 Results and diseussion. The
p 20p 1 best calibration 1s in the mid-
3 %0r ] pomnt of the sudden dropoff case
= 20 [6,17—19] Identical results have
E 220'_ ‘ been obtained mm D —D neutron
s - } {} ‘ spectrum calibration As an exam-
= 200¢ ple, the neutron spectrum of the
S 180} 146 MeV energy 1s represented
5 150 ], } m Fig 4 by solid le, after eli-
= r I ! mination of the distortion effects.
140_— JIt The experimental points represent
1201 1L 1 the uncorrectted neutron spectrum
100 I} e caused by the distortions effects
] I The uncertainity in energy 1s about
8o Hi 1 ‘ 4+ 05 MeV and 1s introduced by
60 Ty ]I\ gamma calibration
L0+ 1’:%’} i ) A similar procedure was appled
20 . i 1 1 }}] ) }, \ by using stilbene as a recoil pro-
- J ]]}HH . ] tons detector
op~===—~ + —‘}é_‘ 177 —*ﬁ—_’ - (Recewved December 2, 1982)
-20 ; %}I}rin
Lol i
. 2 ! L.' l é ' é ! ‘rlo ) }]‘2 ‘ 114‘ 1‘6 11'3 . :Flg 4 The fast neutrons from D —T
e Fo (iaV) g reaction
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SPECTROSCOPIA NEUTRONILOR RAPIZI CU SCINTILATORI ORGANICI

Rezumat)

Este analizati metoda de determinare a energier neutromlor rapizi pe baza prelucririi spec-
trelor protomilor de recul

Se discuti metodele de etalonare a scntilatorilor orgatict in energn protonice, folosind energia
electronilor Compton

Se stabileste o cale de obfinere a spectrului neutronic in cazul pieuln de 14,6 MeV ce rezult}
pentru neutronn emist din reactia D -T.

Intreprinderea Poligraficd Cluj, Municiprul Cluj-Napoca cda. nr 3016/83
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