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Completely ionized deuterium has a large thenmal conductivity

KG = 605 X 1027T 54? em”~ se~-~ k
(Xev]

(k is the Boltmann oonatant). By applying a magnet~c field H at right angles to

the temperature gradient the oonductivlty reduces to KCO b Fig. 5 the ratio

where He = In~2QT”’5 ~
l(mv)

kilogausa. TMA Iw?neflelaa

because the magnetie Mnes of fo?we tend to be

high bem--eratww lxmause of eleo?xic cwarrewtsari~ing

perpend.iuularto both the magnetic field and the tompera&,mo gradient. In a slab

of thickness 2a (m)9 which MS a temperature To at the Oetiero H d~areases a% a

rate

dE/d% z
““o’ l!w%~fq “i’wu@p’e”-=..-...”.,-e-----
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ELECTRIC AND THERMAL BEHAVIOR OF COMPLETELY IONIZED

DRUTERIUM IN PRESENCE OF A MAGNEZIC FIELD

4

Introduction

Completely ionized deuterium has a large thermal conductivity, which can

be reduced by applying a magnetio field at rtght angles to the temperature gradient.

There is a tendencyfcr the magnetic lines of force to he squeezed out of the region

of high temperature beeause d’ electrtc currents arising perpendicularly to both the

magnetio field and the temperature gradient. It is of praotieal in’terestto know by

howmuoh tho conductiviti~can be reduced and for how long a time the magnetic field

can be kept high enough tiokeep the reduction effective. For this purpose ;e derive

i.nPart I of this repor% general exprassi.om for the conductivity coefficients “

which relate the electric and thermal currents to the electric field and the tempera,

ture graclientin the presence @f a magnetic field. In Part 110 we disouss the

eleotric and magnetiu field in the heated deutd.um by entering the expressions for

the electrio mu’rmts derived in Part I into Maxwel195 equations. We can thus de.

termine the effective heat Conductivity and the rate of decay of’the magnetio field.

.
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In the presence of & pressuro gradient ~has to be replaced by EJ+-(kT/-e)(l/p)WpO

where -e = 4.8x 30-30 esu. ‘Zheseexpressions will be obtained by e-tiendingthe

theory of’LA-33.4 an the following mmner~

1) for the electron distribution Iumticm we try the form:

(2)

2) In the Boltzmann equation, we include the magnetic fl.oldby using;

It is no longer possible to completely replace D($) byD(f)i If-bhat were done,

E Kould completely drop out of the equation. Instead one has to keep ~ in those

parts of D which contain H. This is a consistent scheme inasmuch as it keeps just

the terms which aro linear in TX and Vz in the equation. The si~ifi~ance of t~s

approximation is, that electrio fields and the gradients of pressure and tempera-

ture are considered as being small, whereas the magnetic fie3d may have any value.

(4)

(~n prc!seneoof a prossurc?gradient its force must be added to that of?the electric
..

field)0 The Lr(&) are Lagu@rre pol-ynomialsof order 3/2. We nowexpand~

and obtain:
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On thcJright-hand side oi’the Eoltznmnn

used in Ms. (46) and (56) of’ LA-334 W

pression obt~ined by these operations.

.J
equation we must replace V#(v) as it wws

V#x(V) and then by Vzhz(V) and add tho e=

We nowmultiply line1301tzmmn equction on

both sides in turn by (m/@’l’)Vx Lr(G) and (m/nkT) ‘v%LP{E) and integrate over d~.

ThiS p~OC@Urf? yields the tWO c3qU~tiOZlS:

(8)

Tho matrix elements on the right hand side are defined by

(9)

(e2/kT)2 (kT/m)* (10)

(46), (75), and (78) of LA-z4. Y010~na8.

between collisions of the oiectron. It seems

~y~r~hwh~~~ to ~~~ the ro~der ~~t ~~e ~r$ as used in this report cliffer from those

used in IA-334 by e faotor m/nkT.

‘I’Mspecial symmetry of problems in which a magnetic field is involved

and whioh reflects itself both in “Eqs.(1) and (8) suggests the introduction of com-

qx+iqz

‘“‘km’!—_.,--
.

.-. .
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We want to solve this infinite system of equations for Co and Cl.

coefficients yield j and q (eee MS. (l~)and {16) of LA-J%). In

beoause these two

order to do this

we shalluse only that part of the matrix actually vrrittendown in (13). This ap-

prcnd,mationwas shown to be sufficientlyaccurate in abseree of the magnetie field

and we skill demonstrate its valitity in tho general case by checking the method for

the case of negl~gl.blee - e scattering.

We can then write dawn immediately~ soluticn of (13);

c*= V-l [(~0#) A - (5/2) (~o,~A) B]

c1= v-’ [- @ol@) A + (5/2)(b;,/A)B]

where

A=

’02

0’4)

(15]
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In Part II we shall $ee that the effective heat oondu~tivity is obtained by giving

E that value for which j= 0, namely E =- (~/U)& . ThiS leads to -

with

(18)

Thie can be transfomned just as it waa done in Zq. (~) Of M-3% ~Y aPP~@ng

Sylvesterts thsorem$ and 3eeds to

In particular we want ‘M_@real part of this expression which represents the oonduo-

tivi.tyin direction of the temperature gradie~t. We will denote this real part by

~i~. Numerical calculati.onewere oarried out for f~ if’w = &#& Ao@. and
\\ L

and

%3z real part of’(25/14)

P+’::’;&

.-~“ —-&._. .—

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



-$.

TABLE i

.Fiiia@g
.’. .-

1.950

1.558- .7290i

.86010 .9.86i

.3603= .7025i

.1246. J&w i

.04274 - .2287$

.02226 - .vjm i,

(tu\qO~ . (U@)”q

0 1.386 0 6.261 0 7.6& o 3.X61A

.2 0949 0.708~ &.841 -2.531 5.663 ‘~03?3 2.77L2

05 *2600 -.6~&12 2=410 -2.975 2.361 -3.588 1.7374.

100 -.0202 -.3635 .8805-2.120 .7044 -2*2& JY$77

2.0 -*0597 9.1512 .2518-1..199 .1859 -1.208 .3871

4.0 - .@26 -.01$61 ,0&3 --.6199 .0502 -.6162 ●1739

6.0 -.0272 -.0202 .0281J-.41.76 .0236 -.4133 .09s06

aeymp%. .L5[# .915$#-2 -2,5($$)-14.64(+)”2~606(f#]a$ (9#=2 -205(~)01

In the .toUowing seotion we oheck the validity oi’our approximation by treating the

elootron scattering as negligible. The Boltzmann equation simplifies to:

.
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Introducing d and G and Uvidiag by f &his can be written as

[ J[ JAXLO(Q)I-Bx LI(~)+@hz Vx+ Az LO(G) -+Bz LI(e) -~hx Vz

(3fijt+) Y&3k2(Vx hx + V’zhz)
{20)

=

‘2M8 Splits

cmblned by

where

into the two equations for the faotors of TX and Vz which can be re-

h =hx+$hz

This is just an algebraic equation for h and leads at onoe to

The electric and thermal current can be found by using the expressions

i [
j ~ (e/3] V2 hfd~ and q = (m/6) ~ hfdv

Now

So that we have

*

(21)

(22)

{26)

(27)

(28)

.
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We now introduce the integrals%

— .=—--* .-.
r=

(29)

!Ehisleads at once to the reZations

(30)

4 ~“) # ’505 -16.5%. = ~p ;

which permit us “tocheck the f values found by the matrix method.
The integrals In

are evaluated in the appendix. We notice in both ‘bheorlesthe relatioxsMp

fp = (5/2) f=+ t~

k-
.-.!
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therefore we do not hav~to check the components of
.4

one of them. say f~ and f&.
M

l?igs.1 and 2 show that the agreement is very good for f%.o f&L, fWtl~and fw~, For

fkgl (Fig. 3) mhich changes sign. the agresmont is not very good. Of particular in-

. *crest is of course f’K~ (F$go 4) for which the agreement is faire hI all diagrams

the

the

the matrix theory and the br~ken-line curves to

Letus oonsider a slab of deuterium parallelti the y - z pkuewhiehis

placed in a homogmeou~ magnetic fie~d in the y direction. This slab is suddenly

heated and SUba3(3qUCA@lymaintained

function T(x)$ and vhich is of the

tion will, of oourse, give rise to

at a %mperatwre~ whioh we aasume to be a known

order of magnitude of several Kev. ‘EMS Sitzua”

electric and khermal currenix in the x and a di-

rection.

see frcm

pressure

The electric current *IZ tht?x direction dies out very rapidly as we can

the following ar~went. Let us aall the current due to temperature and

gradients jxo. TQe current w411 then establish an electric field Ex by

.

___
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thus turns out to be 2.5 x l&’23(kT/mC2)-3J2 f ‘1 see, which is an oxcoedingly
%

short tire-. We may therefore say that the electric field ~ immediately counter.

acts any effects which tend to cause a current in the x-direction, That means

that we can set the first of the Eqs. (3) equal to zero and use this reiation to

eliminate Ex from the other ones. Applying this

we obtain;

3= = &Ez -4 dT/dx

if’w.?set

procedure for the second equation

(33)

(bT/3z = O byaasumption),

Th~ sudden heating

which will lm established in

(Y+)

till therefore give riso to a current:

Jzo = - fdy~dx (35)

a time of tho order OI?siignitudeof the time between

atomic collisions that is about 10°~2 sec. This current tends to push the magnwtic

lines of forco out. viich induces a field E~, which in turn slows down the process

this sequence let us solve

aJZJat (36)

(37)

subject *O the oondition that at t s 00 3H/?lx= O and E= =0. The extremely large

value of &inside the slab will make the term (l/c) bEz\M effectively drop out of

the equation and of course remove the condition Ez = 0. IM order to show this we

must show that during the the that Ez is ‘~switchedon” d~?%c .remalnssufficiently

small so that it can still be regarded as zero. Let US f’Orthe ~OmeXltmake this

a Sumptiolz.T We can than solve (36) and obbin {regarding aas constant)

.
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The transient term disappears whenO

and

ThiS should be compared to

dd-$~@2&!-/jzo which is

M
=--=-?m

-13-

1
let~ cay, 4ftutl= 10. From Eqo (37) we find

c j~~ (l-e-h@t).-
W’

(&/?)j%o and is found to be smaller by a factor

of the order of maguitude 10”20 or les~. This shows

that our a~suhption is self consistent. Ikuringthe switching on period

Thi8 is of importance for the calculation of the i.uit.ialvalue of the of.

fec%iim heat.conductivity. Itm9ans thatw% cm se% j=&+ijz=O&nd el.imirwteE

from (la) as i.t was done in Eqs~ (17) and {18)0 By taung the real part of Keft we

obtain the conductivity in dlreotion of the temperature gradients

ltH = (r#T/rnq f% (%)
where fK is tabulated in Table I.

3

He= 23.20T“3\2 kilogauss
{Kov) (39)

In the absenoo of a magnetic field the thermal oonducti~~ty is

see from this ~raph that one can obtain a considsrab~e reduction of heat losses by
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If Jz 5s not taken to be zero the heat current cm be expressed by the

have the opposite sign as dT/dx so that the gradual appearance of jz tends *O de-

as the current jz appears, thG magnetic lines of

deutcwium~

Zt is .asritical question if the field

cmtly long time to be effective. Since the rate

force are oquoezed out of the

can be rzaintaincdfor a suffici-

at mhiah the field dtmays has the

largest value right at the be@xrxing~ we can answr this question by calculating

butwo have men that initially

At the c’xMx1”of the slab riT/dx=O so that

.

where the expression
i’fif, %-A-%~ f(?l,

%/u= =
-.,’*“-? . _:--

fq, * fz : __ “’)

....”-
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hM been computed

we assume T to be

==1~- =iEaE!B
-2 .

-.

and represented graphically a~ a funotion of H/’Hcin Fig. 6. If
.

of the fOX’111T = TD~-(x/a)2] we obtain:

(47)

We see from ‘the graph of f’f/e that it does not show much variation tith H& in ~h~

one can easily show %ha~ in ca~a of a cyltader of radiuo a one has to multiply

this result by 2,

Wp to now~ we have not included any hydrodynamics ia the problem. Eut

it is clear that the high pressure inside the material will bring about an expansion.

In absence of a magrIetiofield the kinetic theory is completely independent of the

material velociky. If a magnotbe field is preaent~ hcwreverOtMs is no longer the

Rz has to be replaced by Ez+ {u/c)H~ Let us dimegard for the discussion of this

effect the current jzo whom iw?or~~~ in producing a doeay of’the magnetic field

was discussed in the previous paragraph. Wa have the equations

()
%=&& ~+”;li
bx c

ti’e combine ‘Mom to

(49)

(w)

Tho left Mnd’si.de of this equaticm would be of importance only if our time soale

was of the order of magnitude of a2u/c2 which is obviously xot *ho case. We can
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therefore set

At the same time

and therefore

Integrating this

which meaaasthat

@I/dt F - Ii h/bX

we have the equation of oorrlxinuity

df/ati= - ~ au~ch

[!53)

(54)

same time we know from Jtq.(10) that V and ‘cherd’orethe critical field strength

HC are proportional to the densityo so that the important ratio I@= is unaffected.

APPENDIX

Th8 in~egralg Xn[x) z
I

m p 8-Y
- d?!obey the r~uraion formda

o a+?f~

For R = (001.2) they can be evaluated by the following method. Set

(57)

~-Y 1“Y d$--Y+ex

..L-
---- . . .:. —-

.
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stands for r~al part d’). The first integral i$ simply

!-

Co *-Y

0 Y+x
dy = 8X ~@

x can ba oarried along the circular artsand

obtain :

.—..

. .. . .

[59)

if we set

Jk ~-t . Io—d-t=i
e% t 2r/3 3 #

where

(IL(X)= x= x4/401& + x7/’c7: - i- ;.. (61)

p ) !3x = x~#/202:- x /5.5: + g@08: - * 0.30 (62)

are two very rapidly converging series obtained ~~ integrating tha power expansion

-xei$O We can rlOvJof e enter the irrtegrds (59)and (60) into (58)mad obtain 100
.

Ilo and 12 and from those by means of (57) also tho ~ for higher integral values

. of’no For half-integral values of n we obtained the In by inte~polation. The re=

o 1.0000 1.0000 ~*3w3 2.0000 3.3233

.5 .p’jl~ .8702 1.2%6 1J923i$ 3.2516

1 .37X7 .6882 1.0557 1.7201 300269

2 .1’725 .4130 .6976 1=454 203W3

3 o@o~o .2523 .4564 .8643 lc~lw ‘

4 .052U$ .l~$q *~024 .5992 1.2372

5 .03211 01053 .2059 .Mw .0969

6 002088 .07175 .43? .3012 .6565 L

h.rge X &

&

52.3[A 120 28~J392
‘~ ~~+btio~~5x3 +230 X3 +-2669a25

-------..-:---.._,-—.-.
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