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m  THE DISPERSING PROPERTIES OF A MEDIUM IB THE PPESENCJ 

OF VEFfi HIGH DEHSITTFS A!« TPMPERATPPPS, 

BEPORT II 

[.Following is the translation of an article 'by G. S. 
"saakvan, entitled "0 Bispersionrykh Bvoystvakh Srady 
pri Ochen' Bol'shikh Piotiiobyakh 1 Temperaturekh, 

. Soobshcheniye II" (English version 3."bove) in Doklaöy 
/!k«6w-ii Bauk Armvariskoy SOP (Poparts of the Academy 

SBP), Vol. 30, No. k,  I960, 
Yerevan, pages 231»?l8lj 

(Presented by corresponding member of the AS Armenian 

: Kocharyan, 15 ovne  1959) C. Co   M 

Dispersion of waves on Jruclsons. Under definite physical con- 

ditions, namely at sufficiently high densities of the substance, ef- 

ficiently lov temperstures (so that the electron gss can he considered 

I completely degenerate), and sufficiently high frequencies, the öiep-r. 

star, of electromagnetic waves takes place not on electrons, but on 

nucleons. Under such physical, conditions the phenomenon of hard 

Cerenkov radistiou inevitably arises, 

To explain the efsence cf -he natter, ve shell Investigate the 

dispersive properties of e, medium consisting of neutrons. Let us cal- 

culate the index of refraction of electromagnetic waves for each, tne- 

iium ana consider at vhich frequencies aod densities of the neutrons 
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the dispersive; properties of the meßl-s nil! bo determined  net,by the 

electrons, but by the neutrons  (in genera! we  should F-pe^k of nueleonf.; 

hove vex* the number of protons  under the physical conditions which in ■- 

merest us is email in comparison with the rriniber of neutrons,  and hence 

we  shall be able to speek later of the latter;    however,  all   the  con- 

clusions ve obtain will pertain equally to protons as veil), 

Notwithstanding the fact thot neutrons aie eleotrj rail;1/  neutral, 

nonetheless they ere capable of dispersing     ^-quanta.     In fact it is 

experimentally known t'hrt     $-quants  can he obeorbed by neutrons,  giv- 

ing rise to nouh-al and negative    Tf-meFoni?,    This is the voll  knovr. 

phenomenon of photo^neration tf reesons.     On the other hard,  every 

.syptem capable of abr.orbinr: eTectroragnetlc radlstiori must oi   neceaei- 

: by disperse  there also. I 
*■■■        ■*- 1 

i 
The ability of neutrons to absorb and öisperre ele"trrma;~neJ ic 

waves is determined ^y their electromagnetic structure, i.e., by the 

existence of a virtual meson cload aronrc the nucleon. Wien photonr. 

interact with neutrons, "both virtual and real meconr con be y,e.n-"iated 

The real generation of mesonsproduces absorption of the w^ve, anö 

hence the refractive index of s medium corisistrhir of  nertrcne will be 

s. complex quantity, 

y"T=« f i/tj, 0) 

I where £ is the dielectric constant of the medium, r-t determine*? the  ( 

i i 
'absorption of the wave, end n is the rate of its propagation in the   j 



r— 
: meäxutr.. The relationship £-1-3 

u J jr •—o>* 

(2) 

vhere the vinculum indicates that the integral should be taken in the i 

sense of the principal value, exists betv-en the real and imaginary 

portions of the index of refraction. 

Let cf(c^)  he the total cross secti.cn of photcgeneration of 

mesons. Then the coefficient of absorption of  tf-quanta in a neutron 

substance is eCLual to KnO' , where Rn is the nutrber of neutron, in a 

unit of volume.  On the other hand., this coefficient of absorption is 

equal to 2 CO /c m; consequently 

cNn  3{«*) »a» fs) 
2«> 

From (3) ana (2) we fir.a, 

tl («)«=! -f | -r-—T- 
K  J X1- —  ©3 

CM 

/.t present there is no accurate theory of photogeneration. In 

reference £" 2 3 a pheno<;;cnolo<r.pal theory vas constructed, based on 

the hypothesise, »O of the existence of an iaobsrie state of o nu- 

cleon with quanta nosers I * 3/3 «^ 1' » V* (* *«= the total vm,erit 

of inertia and T is the total isotopic coin) ana with the resonance 

level Ec s.   l<-)k  mev. AT. present this hypothesis has been confirmed 

by experiments. In addition, the experiments indicate the presence 
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of two other isobaric states (3/2, l/r) end (3/2, 5/?), with higher 

levels of the energy of excitation. Tbe dispersion forwulü of 

Gell-Mann and Watson Z23   satisfactorily describes the experimental 

data up to an energy of kOO' tr.av. However, it has an unwieldy fortii 

: end is unsuitable in the sense of its application for calculation of 

n ( fr ). 

We shall proceed from the experimental curve of photogenere.- 

tion of ^r0-iLasons on protons, depicted in Fig. 1. This curve has 

two maxima: the first, very sharp and well defined at hex* Ä 3^0 

taev, corresponds to the first irober of the nucleon 3/2, 3/2, vhile 

the second, weakly defined and broad at E *»£ 700 nev, corresponds to 

the isobar 3/2, i/2. 

• Li—.. 
«» wo *r.« 

^. *»!!■ ■ !■! ■■   k !  ,1m 

MO    93* »HV 

Fig. 1 

I 

Ae we move to the center of a star the density of neutrons in- 

creases and according to condition (l) the region of applicability of 



taking the index of refraction in the direction of high energies of 

the quanta correspondingly broadens. In the limiting case we axe deal- 

ing with the nuclear density. The average distance between particles 

In this case is equal to h/)s*,e .(/«.-is the mass of the ^-meson) and the 

corresponding limiting energy, of the photons should he of the order of 

150 rsev. Hence we should speak of the index of refraction of a neu» 

tron substance only at energies of the quanta of 3T&*^»150 raev. In 

this energy region (F{fa>)~ 0,  while the principal maximum of this 

function is located at an energy two times in excess of 150 roe v. It is 

clear from this that Inasmuch as the frequencies hot *& 150 mev are of 

interest to us, then to determine n {to)  a detailed picture of the de- 

pendence of &*{&*)  on fe> will not be necessary. Hence, as a good ap- 

proximation we can replace the true curve of Pig. 1 by the "broken line 

shown by a dotted line, Bete  the dotted line is selected in such a 

way that the area formed by it with the x axis approximately coincides 

with the area formed by the experimental curve. Let us further assume 

that the cross? sections of photogeneratlon of ff °- and 'W -mesons on 

protons are approximately equal (which actually is approximately the 

case £5,6 J), and that sections of photogeneratlon on neutrons and 

protons are also equal. Thus for $*{&J)  it iß assumed that 

(o  npn t« <^ «j (5) 

U>hS& 
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U.«2B 29 
where #\ w 5 • K;  . c./"; /»",,* 0.6? * 10^ CK ; ^ ~ 3-7 • 10" ifi 

the frequency corresponding to an energy of the photons of 2*0 me-r;        ! 

and finally k-'g r, g,i . IQ23 :?.s +^e fcame thing for an energy cf MOD mev.j 
I 

Substituting (5) into (k)  and performing the integration, we 

obtain 

^~l^ _£^_. ln JÜ±_
W_ .,. f^ifs.Zfi! in -3-t «I! 

«'.I! ?i.Ü> 
(6) 

here, assuming itM"-**l(let*us recall that selection of the index of re- 

fraction in the limiting case of nuclear dens?ties •PrflO-5" was limited 

by the energies of the ouanta Eu>j$150 mev, while ha^ ** 2H0 mev), we 

obtain 

«•■ 1=s: ^fiV-i - 3^ii.\ -=2,1 • io-4t M,. 
it V ü>-      u>»  ' 

(7) 

Thus the dielectric constant of a neutron substance is practically in» 

jdependent of the frequency and differs very little fror; one. 

In order to explain in the final calculation by which the dis- 

persive properties of the medium are determined: whether by electrons 

or by neutrons, (7) should be compared with (22).  The dispersion 

* See Report I,  BMArmSSR (Reporte of the AS Arm S3F), Vol.XXX, 
No. 1 (I960). 

will be determined by neutrons in the case when 



(8) 

where the index "e" refers to the electron. From \23),  substituting 

the value of o-> 0, ve find 

(9) 

Proceeding from this formula, we can explain what possibilities 

exist in the case vhen the electronic gas is not fully degenerate. 

First let us consider the case vhen a nucleonic gas is not degenerate. 

In order for the dispersion of the waves to he determined by electrons 

according to (30)' and (9), we should have 

4^(f^)<3,6-io-(^y (10) 

«J me , a = where the following notations have been introduced: h&>0~ 

#'ch/XÄ'0.72. We Ehoiüä also 'be concerned about the fulfillment of 

condition (l), i.e. & & CllJ"'5 *    TIVUG, as an example of the fact that 

equation (10) can he fulfilled vhen Ue 
/j a/T ~ 15, we then obtain 

-JO 

ML^-1.7 • 10      {hjjuj)  .    This inequality is satisfied if we t akf 

OJ-"~>t£n  ar; 0 
;d Ke~^H0. 

Eut if wa1,/3 a/T «■ 10, then from (10) we oh« 

,39 X> 
bain K. ^' htk ' 1(T* (u>0/^)'•    Frc:t the examples cited we can see tain «e *- H.H    iu      \wo 

that under the condition i a/T N,, •    *&• 15 the 
ni~ 

.e process i S   ?*    *^""   €i ** """"j^      ö 

* See Report I, DAKArtnSSB  (Reports of the PS Arm BSR), Vol.  XXX,\ 
No.  1 (I960). I 



with participation of'   bhe re3iv.:; is entirely portable,   tfhile at lover   j 

-1/3 i 
temperatures, vber, T <■ a/l'j;  N<" ,  thle process in  inpcnsiYifr.,    Unc ?r ( 

4 ~ i 
the  R&me physical conditions, vher the procss?"  e   -f- e —> if if"  poss'tlr-j 

'i 

the reverse process o -~T*-a'4 e    if   forbidden h,y Penlj'i. -orinciple; i 
i 

hovovc-r it takes place r..s  coon a" free sp-nces appear In the propaga- 

tion of electron" on ecccnrt of ver^ruo porsiMe proce^-ssp. 

The diaversion «'ill te dstcrninec by neutron'. vhen i 

3,6. W1 -Nf\2!i ex// - |~ JV* )<3. 
\// 

_2ff 
37 

6i°17 (^y < ^ ^(-t- ^ )te i 
IIf'r-3 en the left-hand side the condition of ^policohlltty of 

1/3  ' 
tahinj; the medium t*i ?fe. chn   is written. Tie r.ifht-hard ride if- the 

A" 

condition  (y) ,  vitb   (30)     also taken  into ronriJprnfton.     As tn  exrn.- 

1 'A1 pie let ur. again* tr.ke a/T Ne '"   —15   (tie condition of deyem ra ':ico of 

the electronic gas);     then we obtain, 

1,2-10*"° (   -°- \ ^r-i ,3 • lC9a    ~5     <-' //  . 
V Ne / I «> /     • 

/ll'l 11T) 

Here  the  left-hand  s.lcie of the ineaunlity  if- artoritical lv fa"1 filled 

vhoK  the  right-hand   s^de  id  fulfil led.     (I1 ')   is  fulfilled vht:r I-ie >'*    j 

1.4  *   10      and <k■•' ■£•, 7<^0;    the temperature of thn  corresponding re-       | 
O ; I 
(J 1 ) "\      , 

gions of the star vill her? b~ T^ 10 cegrees.  Ponce vher. a/T IT '7 •--=■] 

Seo Report I, DAFArtrSSF (imports of the AS Arm S3P), Vol. 7XX,! 
Mo. 3 (I960). I 



15 Hiidii)^.  ?^0, tht diaperri.^ of waves is determined by neutrons. 

while at frequencies lover thnn '(iOri  it is tiotc mined sy e-i.ee tron?;. 

In the case when the nu-hleonie gas is elno degenerate, the den- 

sity of the electrons deroncs conparatirely weakly on the density of 

the neutron*,, When KYi<  lG3f', vo have K6 ~
! 3./8N0, CKe

l/S ^ 0.5^, 

so that the processes #*#•■ eW-e"' with participation of the medium 

either do not proceed at eil or can proceed at the very tbreshhold of 

the phenomenon at ht^J'^ P mc\  At densities Mn ^ 8 * 10" ' . the densi- 

ties of the electrons will he sufficient for generation ana annihila- 

tion of the DBirs, But be-fore the presence or absence of 

enon can be confirmea it is necessary to explain as: well at wh=t fre- 

queccd-as the üisjpereiori is Isterreinec. "by electrons and at «hat frequen. 

cies it is deterir.irec by neutrons, lo solve this problem let us turn 

again to condition (9). According t~, (3<)* ana (9), tho dispersion is 

determined by neutronr 'then 

,-,» 1 1 /JU   \ 2/ I 2 

v* i p*     \A',~. /      I 

ni.'i 
v J.'- / 

where i)-iy/^o,    (.onditioe   (IS),  as aiveys5   should be acecnp&fciea by 

the condition of applicability of selection of the Medium,   i.e. a> .^ 

cJL 
1/3 

* See Report I,  DAIIArraf 
Ho.   1  (I960). 

S3H  (Reports  of the AS Arm SJSR),  Vol.  XXX, 



The öisperLion of vuvec ib determined by electrons iJ 

A'„<2,4-tü38--V- 
*       ViV0 / 

(13) 

Lot u& recall that here the density cf the electron? is determined ty j 

formula (32'). ' As we sea? when £n i» 10^", the process Jf^ e * e" \ 

car proceed only r.t the threshhold'energy, vhil? wher Kn *& 10"  eta 

the necessary and sufficient (of coarse, consideration of the condi.« \ 

1/3 ! 
tion LO fa cKe '  is necessary) con3itions for performance of tnie pro- \ 

cePB  elready exist. 

Hard Cerenkov radiation. On the basis of the material cited in j 

the preceding section, we come to the conclusion that et a given den- 

sity of the substance a certain limiting frequency exists, so tuet 

when frequencies are higher than it, dispersion of wavee it  determined 

no longer by electrons, es  was the cese until thnn, but by neutrons. 

According co (?) -at such frequencies the refractive index is greater" 

I than one and practically has a constant valve, independent of tnr fre- 

|quercy.  Inasmuch PS the refractive ind^x of the medium is greater 

then one, it is clear that in such a mediuu chsrged particles nsovinp 

with a velocity exceeding the phase velocity of light will era't 

Cerenkov radiation. According to the conditions (l) snü  (9) only 

* See Eepcrt I, DANAnrSSF (Pepcrtr of the AS  /ran SSR), Vol. XXX. 
No. 1 (I960). 
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(HÜ 
tpanta satisfying the inequality      _     _ 

can be emitted. In this energy interval, the distribution of the num. 

her of quanta according to -their energies is uniform. According to 

(32)* the Cerenkov effect appears at energies of the particles 

£>2,2-20* N^Mc*, 

where Mc4" is the intrinsic energy of the particle» 

In the case when the imcleonic gas is nendegenerate, the re la«. 

* 
tionshi'o between the densities NP and % is given.by formula (30). 

| As an illustration let -us. take a/T »/' "'— 10; then from (lU) when 

L .^o32 (j.e., N « 2.2 " 1036)' we find that 20^ h<»J*fc28 mev, while 
je"   %     n 

when N «fc.5* 1033 (i.e. Nn «IO
38) we have 10 *' htu s£, 100 mev. 

In the case vhsn the nuclconic gas is also degenerate, the re- 
it 

lationship between Ke and % is determined hy formula (32*). V®* 

this case (lk) takes the following form. 

2.6. MP K*[± + *(*)'*]<*»**<*•'• 
(IV) 

From this we find that the density of the neutrons should he Hn ^5 

8"103. When Nü **' 103^; cm"3, we have from (l-V} 13"^ bo.? «4.20 raev, 

* See Report I, DANAraSSS (Reports of the AS Arm 8SR), Vol. XXX, 

So, 1 (I960), * * 
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'{vhlle when ft»«-30* w in — JV  rfe obtain 1.u •*! htJ^IOC me/. 

The results obtained above can "be summarized thun. 

1. In this paper the dispersive properties o;f  a ire'uiuiu at ex- 

tremely high densities and temperatures, and namely approximately un~ 

der euch physical conditions as can erist in white dwarfs, have been 

in/estigated. 

If the electronic gas is not degenerate (which seems rather im- 

probable to UF), then the refractive index of the mediim depends on 

the temperature and is expressed by formula (2u),  At electron 'denei- 

32  „-5 
ties Ke ^3& 10  cm -", processes cf single photon arnihiletion and gen- 

eration of electron pairs will take place in the medium, 

2. If under the physical conditions considered the tempera- 

tures are so low that the electronic gas is degenerate, then when the 

condition 4J Kn < 10 \ ' J  is observed (Nn is the density of the 

ncutroni:), the dispersion of the electromagnetic waves will be deter- 

mined by the electrons. The inuex of refraction in this ca^e is  de- 
■X- 

tersiined by formula (22). 

3- If the electronic gas is degenerate, while the nucleonic 

gas is not, then the relationship between the densities of the neutrons 

and electrons is determined by formula ("jO).  In this; case under def- 

inite, completely fulfilled condition's, namely when condition (10) is 

* See Report I, EANArmSSR (Reports of the AS Arm SSR), Vol. XL'OC, 
No. 1 (1.9'So). 



observed, the processes V^? e*> e" can proceed with participation of 

the medium. 

When the nucleonic gas is also degenerate, the relationship be» 

tween the densities of the electrons and neutrons is determined by 

.formula (32'}.* Wien Bn*£-1036 on3, the density of the electrons does 

not öepene on the density of the neutrons and has a constant value, 

equal approximately to 1.5 * 1031. Here, obviously, the processes 

y ^ ^Ve* with participation of the medium are impossible, or if 

possible, than only at the thresbhold energy iwss2 mc*.  At denei» 

[ties of th« neutrons NK j» 10
Jb cm3, the density of the electrons be- 

gins to increase with an increase in Kn, and this process will take 

place with participation of the medium. The conditions for the exist- 

ence of this phenomenon are determined by formula (1.3). 

k.    When the electronic gas is degeneratef  then at comparative- 

ly high densities and wave frequencies *>J" f:n">"10"' Ng ' , the dis- 

persing properties of the medium are determined not by the electrons 

but by the neutrons. The essential wave frequencies and neutron den. 

jsities st which this takes place, in the- case of a nendegenerate nu- 

cleonic gas, are determined by condition (ll), while in the case of 

degeneration —■ by condition (12), 

5.  In the case when the dispersion of waves is determined by 

* See Beport I. DARArmSSR (Reports of the AS Arn,  SSR),, Vol. 
XXX, No, 1 (I960). 
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I 
K0utror)3, the index of refract" GO of the.jn^tir* i& .^x-eaie- thin one 

Und is detarsdned by formula (?).    But this ra^ana that, if the charged 
I 
I particle moves- in smb. a zr3üium with a velocity exceeding the prrse 

;- velocity of light, then it vill emit and absorb   7   Ceronkov i-adxa- 

; tion.    The spsctrura of Ccrenkov radiation is det-3.rrd.nei by formula 

; (1 ■■■!•).    I'l the cas'3 of a degenerate nuclacnic grs, th^ ererbte.* of the 

\ quanta ai*«* tfetanainfei b/ condition (14'). 

In conclusion 1 shall e:npross my thanks ts asadsmician V. /.. 
I 
I Ambartsn^yan for his valuable ccmments, and aloo to N. M. Kocharyan, 

11. I. Gcl'diaan, G. K, Cariby&n, and A. Ts Amatun' for their numerous 

\discussions and thoir manifestation of interest in tne work. 
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