
In conclusion, I am grateful to P. L. Rubin (Lebedev 
Institute) for helpful discussions. We see therefore that after a time 

(T, is the thermal energy) the energy difference 
reaches the value T,. 

In the situation described above, the plasma becomes 
spin-polarized in phase space. Polarization in ordinary 
space can be the consequence of this process. In fact, 
a s  stated above, the particle moves mainly along the 
force line, i.e., almost along a straight line. Assume 
that the region in which the MHD waves propagate is  
finite, s o  that the particles ultimately leave this region 
and land in an unperturbed homogeneous magnetic field. 
Because of the different velocities of particles of dif- 
ferent type, the leading front of the plasma, on entering 
the homogeneous field, is  polarized in analogy with the 
situation in the Stern-Gerlach experiment (see the end 
of Sec. 2). A similar situation will obtain also when 
accelerated particles land in the region where the 
plasma can no longer be regarded a s  collisionless (for 
example, the spilling of particles from the earths mag- 
netosphere into the ionsphere). Particles of different 
types, having different energies, have different mean 
f ree  paths, as  a result of which the plasma becomes 
polarized over a finite length. 

The described acceleration and polarization of par- 
ticles in phase space can take place in an interstellar 
plasma, and produce in turn circular polarization of 
the passing electromagnetic radiation. 
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The possibility of spontaneous generation of sizable magnetic fields in a laser plasma within periods much 
shorter than hydrodynamic times is demonstrated. The field growth has a threshold that depends on the 
geometrical factors of the corona and on the dimensions of the heat-release region. The magnetic fields 
cause a qualitative restructuring of the heat front and decrease the heat transfer substantially. In 
particular, heat can penetrate into the plasma in the form of a magnetothermal jet. 

PACS numbers: 52.50.Jm, 52.25.Fi 

1. The magnetic fields produced spontaneously in a 
laser plasma were investigated in a number of experi- 
mental and theoretical s t~dies . ' '~ '  The hertofore con- 
sidered magnetic-field generation mechanisms can be 
broken up into two groups. 

The first  group includes mechanisms connected in one 
way or another with the process of absorption of the las- 
e r  radiation. Notice should be taken of the transfer of 
momentum from the light wave to the electrons in reso- 
nant absorption when the radiation is  obliquely incident 

on the critical ~ u r f a c e , ~ ' b f  the electromagnetic insta- 
bility due to the anisotropy of the distribution of the 
electron velocities in the absorption of the para- 
metric generation of magnetic fields by beats between 
the high-frequency motions of the electrons ,6'7 and of 
the generation of magnetic fields by the advanced Lang- 
muir motions in the plasma.8 The foregoing field-gen- 
eration methods a r e  of considerable interest from the 
point of view of their influence on the light absorption, 
and particularly on the diffraction of the absorbed ener- 
gy and i t s  distribution over the critical surface. The 
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magnetic fields that can appear a s  a result of these 
mechanisms a r e  small-scale and a r e  localized in a rel- 
atively small  region near the critical surface (with di- 
mension of the order of the radiation wavelength). The 
indicated causes of the fields a r e  connected in one way 
or another with the mechanisms of anomalous absorp- 
tion of laser radiation near the critical surface. As a 
rule, the anomalous absorption processes is important 
a t  radiation intensities (X = 1.06 km)Z- 1015 - 1016 W/cm2. 
At the intensities -1013 - 1014 w/cmZ considered by us, 
the contribution of the anomalous mechanism to the ab- 
sorption is small. At any rate, the magnetic fields lo- 
calized in the near-critical region do not influence sig- 
nificantly the heat transfer from the absorption zone to 
the ablation zone, in view of the small thermal resist- 
ance of this thin plasma layer. 

The other group of mechanisms that generate magnetic 
fields is connected with thermoelectric phenomena in 
the p l a ~ m a . ~ " ~  It has been pointed outt0"' that these 
fields, which have characteristic scales of the order of 
the reciprocal gradients of the temperature and of the 
plasma density, can decrease substantially the thermal 
conductivity of the plasma, and also disturb the symme- 
try of its motion. 

Further investigations in this direction a r e  of great 
interest. On the one band, reliable data on the intensi- 
ties of the magnetic fields and on their influence on the 
plasma are  still unavailable. This is due to the diffi- 
culty of observing even megagauss fields in a dense 
plasma with small  dimensions and abrupt density grad- 
ients (10-100 km)  and with a short lifetime 0.1 - 1 nsec. 
M e a s ~ r e m e n t s ~ ~ . ' ~  of magnetic fields with the aid of the 
Faraday rotation of the polarization plane of even the 
fourth harmonic of the fundamental radiation do not 
make i t  possible to determine reliably the field in a re- 
gion in which the density greatly exceeds the critical 
value, owing to refraction in the inhomogeneous plasma. 
On the other hand, the reported numerical experiments 
(see, e.g.. Ref. 14) on laser irradiation of targets were 
performed under conditions (high radiation intensities, 
short pulse times) such that many other processes, in- 
cluding hydrodynamic, a r e  substantial, and not only the 
generation of the magnetic fields. This does not provide 
information on the conditions under which the magnetic 
fields in the laser plasma can reach large intensities, 
on the observable effects that they can produce, on the 
physical causes that limit their growth, and on the ex- 
tent to which their influence on the heat transfer is sig- 
nificant. 

Theoretical investigations of the excitation of a mag- 
netic field by an inhomogeneous thermoelectric power 
developed during that time in the following manner. It 
was shown in Ref. 10 that the thermoelectric mechanism 
that produces the fields can have the character of an in- 
stability. The factor that can exert a stabilizing influ- 
ence on the development of instability and limit the 
growth of the fields in the generation region, as  noted 
in Ref. 10 can be the outflow of the fields a t  a rate pro- 
portional to the temperature gradient. 

On the basis of this remark,  some investigators have 
reached the erroneous conclusiont5~'7 that the magnetic 

fields ca,~not grow to appreciable values. Since this er-  
ro r  gained wide acceptance in the literature (e.g., Refs. 
2 and 8),  we present in Sec. 2 simple qualitative argu- 
ments that reveal the physical cause of this er ror .  

In the present paper, on the basis of a qualitative an- 
alysis and numerical calculations, we wish to investi- 
gatedifferent variants of the evolution of magnetic fields 
in a laser plasma, and demonstrate in particular the 
critical character of the fate of the magnetic fields rel- 
ative to the spatial scales of the corona and the dimen- 
sions of the heat-release region. One of the possible 
variants of heat transfer turns out to be formation of the 
magnetothermal jet. 

2. It was established in Ref. 20 that when the inequal- 
ity l/a>> ( m / ~ ) ' "  is satisfied (I is  the mean free path, 
a is  the inhomogeneity scale of the temperature and 
density of the plasma, and m and M a r e  the masses of 
the electrons and ions respectively (the magnetic fields 
produced in an inhomogeneous plasma begin to influence 
the thermal conductivity (at w , ~  - 1 ,  o, = eb/mc, T is the 
time between the collisions of the electrons with the 
ions) long before the plasma expansion takes place. We 
can therefore separate the magnetothermal part of the 
complete problem from the hydrodynamic part, assum- 
ing the plasma to be immobile and its density to be a 
specified function of the coordinates. 

The physical conditions corresponding to this inequal- 
ity a r e  that the electron heat fulx velocity be much larg- 
er  than the plasma expansion velocity, i.e., the picture 
of the plasma expansion is essentially nonstationary. 
Under the same conditions we can neglect the energy ex- 
change between the electrons and ions. In Ref. 10 was 
derived a closed system of simplified equations for the 
magnetic field and for the electron temperature, and 
this system described correctly the magnetothermal 
phenomena over periods shorter than the hydrodynamic 
times: 

Here n is the electron density, RT = - ~ ~ Y * V , , T  - P ~ V ~ T  
- P ? [ ~ ~ v T ]  i s  the thermopower, S is  the density of the 
sources, q =x;V,,T -xfvLT - x i [ h ~  VT] is  the electron 
heat flux, h =B/B, and the expressions for and x a r e  
given in Ref. 22. 

Equation (1) describes the growth of the magnetic field 
on account of the source (the inhomogeneous thermal 
emf C~"[VT x Vlnn]) and i t s  drift on account of the 
thermopower into the cold region together with the heat 
flow, a s  a result of the fact that the magnetic field is 
better frozen-in in hot electrons than in cold ones. At 
W,T << 1 the drift velocity is u,- q / n ~  - rm-'vT,'O s o  that 
i t  might seem that during the time of the electronic heat 
conduction -a2/luT, the magnetic field reaches a station- 
ary value with 0,T 5 1, determined by the balance be- 
tween the two terms of the right-hand side of (1). How- 
ever, a t  W,T 2 (w,T)*, with (w,T)* - l only for hydrogen 
([w,T]*depends on the charge of the ions and, for ex- 
ample, in the case of an aluminum target [W,T]* = 0, I ) ,  
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the magnetization of the electronic thermoconductivity 
is simultaneously accompanied by magnetization of the 
velocity of this thermal drift. At war>> (we** the drift 
velocity is small: 

and the generation cannot be offset by the drift. There- 
fore, i f  a field with w,r > (war)* is produced in the plas- 
ma, the field will increase up to hydrodynamic times. 

The threshold character of the growth of the magnetic 
fields can be illustrated by using a model equation for 
was, which is the qualitative analog of Eq. (1): 

Here A - C-lvT,/a2. In the derivation of (3) i t  was as- 
sumed that the spatial structure of the distribution of 
the temperature and of the magnetic field does not 
change with time, s o  that to estimate the gradients all 
the spatial derivatives were placed by the ratios of the 
corresponding quantities to their spatial scales. If we 
make the time dimensionless relative to the electron 
thermal-conductivity time a2/lv,, which is characteris- 
tic of our problem, then all  the terms in (3) become of 
the same order. 

If A < C/2, the quantity w , ~ ,  increasing from 0, sat- 
urates a t  a value 

with (W,T),,-~. On the other hand if A > C/2, there is no 
saturation and W,T increases without limit (linearly with 
time a t  periods larger than the heat-conduction time). 
This simplified analysis shows the extent to which even 
the qualitative picture of the growth of the magnetic 
field i s  sensitive to the numerical ratio of the parame- 
ters of the problem. 

Using the model equation (3) we can estimate the satu- 
ration level of generated fields that have a smaller 
scale on account of the thermal drift. Let the charac- 
teristic scale of the inhomogeneity of the plasma density 
a be much larger than the characteristic scale l/k of 
the temperature inhomogeneity and accordingly of the 
magnetic field. The generation term in (3) is then A 
-lv,k/a, and the drift term C - lvT,k2. Since ka>> 1, i t  
follows that A << C and, in accordance with the foregoing 
analysis, saturation of the magnetic fields takes place 
at -A/C - l/ka << 1. Shorter-wave perturbations 
of the magnetic field saturate on a lower level of w , ~ .  
Only a t  ka - 1 can values w , ~  z 1 be reached. 

It is of interest to estimate the influence of the small- 
scale magnetic fields on the transport processes in an 
inhomogeneous plasma. The degree of the influence of 
the magnetic fields with scale l/k on the transport is 
determined by the ratio of the Larmor radius of the 
electron r ,  to the scale 1/k. Since war-l/ka, i t  follows 
that kr, - k21a >> 1,  i.e., the small-scale magnetic field 
does not exert a substantial influence on the transport 
in the region of interest to us, and therefore classical 
values were used for the transport coefficients in (1) 
and (2). The question of reaching a stationary value of 

the magnetic field within heat-conduction times can be 
solved by numerical simulation, the simplest nontrivial 
case being the two-dimensional one. 

3. Equations (1) and (2) were solved numerically in a 
rectangular region with dimensions 500 p m  along the X 
axis and 50-200 p m  along the Z axis. The distributions 
of the magnetic field, of the temperature, and of the 
plasma density along the Y axis were assumed to be 
uniform. A detailed description of the numerical ex- 
periments is given in Ref. 18. In the geometry in ques- 
tion, the magnetic field has one component along the Y 
axis. This geometry corresponds to a physical situa- 
tion in which radiation propagating along the Z axis is 
focused by a cylindrical lens on a flat target only along 
one direction X. 

The density was assumed to depend only on the coor- 
dinate 2 and increased from the critical value lo2' 
cm* (for a neodymium laser) to 5 x loz2 ern-=, cor- 
responding to the electron density of metallic alumi- 
num. The heat sources were distributed near the 
critical surface. The distribution of S over the critical 
surface was chosen to be Gaussian, S- exp(-x2/b2), b 
=17-200 pm. The maximum of the heat release corre- 
sponded to energy fluxes 3 x 1014 w/cm2. The initial 
conditions were chosen to be those of a non-magnetized 
plasma with temperature 100 eV. 

4. The calculations have shown that saturation of the 
generation of the magnetic field has a threshold govern- 
ed by the geometrical factors of the experiment, partic- 
ularly by the abruptness of the spatial distribution of the 
heat input. At a sufficiently homogeneous heat-source 
distribution (b =200 pm) the magnetic field increased to 
a value close to (war)*, and was saturated because of its 
removal by the heat flux. In the case of a more localiz- 
ed heat release (b =50 pm), i.e., the magnetic field in- 
creased practically linearly with time, a t  least up to 
hydrodynamic times, and reached after a time -0.5 nsec 
a value -5 MG with a maximum value war>> (war)*. Fig- 
ure  1 shows plots of the maximal values of the magnetic 
field and of war against the time for these two cases. 

In the case of a "breakthrough" of the magnetic field 
through the threshold (war>> (w,r)*) the maximum mag- 
netic field depends weakly on the geometry of the heat 

t ,  nsec 

FIG. 1. Maximal values of the magnetic field B (curves 1, 3) 
and of the parameter W,T (curves 2, 4) for different dimensions 
of the heat-release region b: curves 1,2-b= 50 pm, 3,4-b 
= Z O O  pm. 
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FIG. 2. Isotherms at t =  0.3 nsec (q= 3 lot4 w/cm2, b = 50 pm) 
(vlnn)" 25 pm) in a plasma with (solid lines) and without 
(dashed) allowance for the magnetic-field generation. 

release, on the initial temperature level, and on the 
magnetic field (up to several  hundred kilogauss) and is 
determined principally by two parameters: the maxi- 
mum density of the heat flux q and the spatial scale of 
the density distribution. These fields exert a substan- 
tial influence on the heat transport. We note that even 
at war- 3 the thermal conductivity of an aluminum plas- 
ma decreases by a factor lo3  compared with i ts  value in 
the absence of a field. Figure 2 shows the distributions 
of the plasma temperatures obtained with and without 
allowance for the generation of the magnetic field. It i s  
seen that the magnetic field slows down the heat trans- 
fer into the dense region, producing s o  to speak magnet- 
ic "mirrorsJ' with war 2 (war)*. Therefore the heat input 
spreads over layers close to the critical surface and 
overheats them. When the magnetic mirrors  a r e  heated 
they expand towards the denser plasma, since the most 
intense generation of the magnetic fields occurs near 
the front of the thermal wave. 

In the case of heat release strongly localized on the X 
axis, the magnetic mirrors  can hinder the propagation 
of the heat also along the X axis. Figure 3 shows the 
distribution of the temperatures in this case. A charac- 
teristic feature of localized heat release is the forma- 
tion of a thermal jet. The growth of the magnetic fields 
leads to a unique focusing of the heat flux. The heat re- 
gion takes the form of a needle that broaches the mag- 
netic mirrors. 

The character of the growth of the heat-releasing 
source with time turns out to have little effect on the 
maximum magnetic field, but i s  important for the de- 
termination of the spatial structure of the thermal wave. 
Instantaneous turning on of the heat source was com- 
pared with i ts  slow (linear) growth to the maximum val- 
ue in a time 0.1 nsec. Physically the abruptness of the 
turning on of the thermal source is determined by the 

FIG. 3. Isotherms at t =  0.45 nsec (q=  loi4 w/cm2, b =  17 pm, 
(vlnd4 = 12.5 m). The region with 0,r > (w,s)* is shaded. 

FIG. 4. Isotherms obtained when the heat-release source is 
turned on instantaneously (t = 0.5 nsec, q  = 3 ~ 1 0 ' ~  w/cm2, b 
= 50 pm, (Vlnn)" =25 pm). 

ratio of the width of the leading front of the heating ra- 
diation to the heat-conduction time over the character- 
istic scale of the corona. Figures 4 and 5 show the 
characteristic isotherms for these two cases. In some 
variants, when the heat flux was turned on smoothly, a 
relative minimum of the temperature was observed a t  
the center of the heat-release zone. Such a tempera- 
ture distribution can be  explained by considering the 
propagation of the heat inside a region with inhomogen- 
eous thermal conductivity. In zones with low thermal 
conductivity (magnetic mirrors)  the temperature grad- 
ients must be large to pass a given heat flux from a 
boundary. The appearance of two maxima a t  the bound- 
ary of the heat-release zone is closely connected with 
the character of magnetization of the thermal drift of 
the magnetic fields. Thus, in control variants with the 
thermal drift turned off, analogous temperature pro- 
files appeared even when the heat release had a smooth 
distribution (b = 200 pm). 

In a number of variants, the diffusion of the magnetic 
field was taken into account. I ts  influence on the gener- 
ation of the magnetic field and on the temperature dis- 
tribution turned out to be insignificant everywhere with 
the possible exception of the densest plasma layers. 

In the situation when the magnetic field is not stabil- 
ized by thermal drift, the intensities of the maximal 
fields, the distribution, and their influence on the plas- 
ma dynamics should be determined in a slow hydrody- 
namic time scale by simultaneously solving Eqs. (1) and 
(2) with the equations of motion of the plasma. The 
same time scales apply to generation of magnetic fields 
when oblique temperature and density gradients a r e  
produced by the inhomogeneous plasma motion itself. A 
most interesting example of such a situation is the gen- 
eration of magnetic fields in the course of Rayleigh- 
Taylor instability, considered in Refs. 19-21. The 
question of the intensity of the magnetic fields in this 
case has not been finally answered to this day, inas- 

FIG. 5. Isotherms for slow h e a r )  growth of the heat-release 
source (t=0.5nsec, q = 3 ~ 1 0 ' ~  w/cm2, b=50pm, and 
(Vlnn)" =25 m). 
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much as in Refs. 19 and 20 they investigated only the 
l inear  s t a g e  of the instability, and the thermal  d r i f t  was 
not taken into account in  the  numer ica l  experiment  of 
Ref. 21, so that doubts are case on the l a r g e  magnetic 
f ie lds  obtained in the latter reference.  
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Investigation of a magnetic phase transition in a layer of 
carbon monoxide molecules chemisorbed on platinum and 
gold surfaces in a magnetic field 
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The thermomagnetic effect was used to study a magnetic phase transition in a monolayer of chemisorbed 
carbon monoxide molecules. A study was made of the dependence of the critical field H,, in which the 
magnetic phase transition took place, on the surface concentration of the carbon monoxide molecules 
x,, and the surface temperature T. A phase transition was also observed in a monolayer of chemisorbed 
hydrogen on the surface of platinum. An analysis was made of a change in the nonspherical interaction 
between the molecules and the surface which occurred at the phase transition. The observed dependences 
of H, on xc0 and T could be interpreted as a consequence of a transition in a monolayer of chemisorbed 
particles from an antiferromagnetic to a ferromagnetic state in a field H = H,. 

PACS numbers: 75.30.Kz, 73.90. + f 

1. INTRODUCTION 

Numerous investigations of the adsorpt ion on the s u r -  
faces of so l ids  have establ ished that ,  in  addition to the 
interaction between the adsorbed a toms  o r  molecules 
and the sur face  a toms  of the c r y s t a l  lattice of the ad- 
sorbent ,  t h e r e  are a l s o  f o r c e s  act ing between the 
adsorbed a toms  o r  molecules .  The  exis tence of a 
s t rong  interaction between chemisorbed a t o m s  o r  
molecules is supported by, f o r  example,  the concen- 
t rat ion (coverage) dependences of the heat  of ad- 

sorpt ion and e lec t ron  work function.' Low-energy . 

e lec t ron  diffraction investigations have shown that this 
type of interaction can  produce a monolayer with a 
geometr ical ly  o r d e r e d  s t r u c t u r e  .' The  collective in- 
teract ion of adsorbed a toms  and molecules can  also 
resu l t  in magnetic o rder ing  i n  the adsorption mono- 
l a y e r .  A s  demonstrated in  o u r  e a r l i e r  investigation,' 
a s y s t e m  of th i s  kind may exhibit magnetic phase t ran-  
s i t ions induced by a magnetic field. A phase t ran-  
s i t ion in a monolayer of chemisorbed carbon monox- 
ide molecules  on gold and platinum s u r f a c e s  was ob- 
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