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Swmma g o s

The methods developea in the theory of superconductivityu—}“:
are’ dpplied to the~otudy of the properties of nuclear -attere o
The 1nteract1on that brings to supcrfluidity of nuclear matter -
was considered 'teo beﬁweake. Nucleonwnuoleon interaotion was
taken in the most general foxrm. Asymptotic solutions of equa--T
tion system were found, which allowed to obtain the oonditions -
of superf1u1dity of the nuclear mattere. The conditions of
‘superfluidiﬁy come io general to the requirempnt of predomi~
‘nance of attraction_in nueleon—nucleon potentials ég the Fermi
‘surface energyOA The data on nncleon—n&cleon potentials allow .

to make oonclu31on that the conditions of superfluidity of
nuclear matter -are to be fulfilled, _;‘ﬁ S | L

Introducti o~gA<A‘§n

-'The ooﬁcept of‘ﬁnﬁbleafAmatter"’is used'whenlstudying thel
" properties of atomio nuoleﬁs; Tt is considered that if the
| interaction of Coulemb repulsion between the protons- doesn't
exist then arbitrarlly a 1arge n&mbér of K? nucleons consis-
ting. of 7 protons a.mi ('4*2) neutroas at- '-Z'\-—:'—g—:' in tho‘ir
lowest state cf energy ‘form a- stable configuration which is
'called nuelear matter. The inney part of medium and heavy
nuclei are samples of such;nuciear matter, The dynamic pro— .
perties of muclear matter can be described in theé first |
approximation by an ndependent particle model°

| The structure o2 nuGJear matter is in many respecﬁssimilar

to fhe electron structure of metals. Therefore the mathema-

tical methods successfully developed in the theory of super-
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conductivityl) are wcrth to be aﬁpliei'to the study of nuclear
ma%ter prspertlese‘ ; ] ~ | | | o
" NoNe - BogelJchv ) drew attention to the fact that nuclear~
matter ‘can posscvs the propertlea of superfluidity@ nIn-Qasewof
FermlugaS“the~sfstem~possessing the-lewest»energy is such, in"™
which'%ﬁé pé:%idles'éudéessfully ococupy all the energy Tevels:
*uPFfOisQMe5eaéﬁg§*1E?(Kp>, the enéigy of:Féfmi;éurfadey“which'"
.&éﬁeﬁds*dn %hé'dbnsity*of‘gase Such&staté of nuclear matter
with the energy ‘levels successful ly cccupled is called normals
Owing £ the*interaction<of fermi@n pairs~pnssessing equal and
odeSité"méméﬁta,’ﬁﬁe system of Fermions may ‘acquire-the ° '
pfﬁﬁértié55§f?sdpeﬁfluidityu This ieans that the system of ™
'”Fermibhéﬁ@iil have;ﬁhé”energy'state lower, than the normal one
is. Such a state of ﬁuclear maftér which is mare"loﬁ‘than a
normal one is called gg@g;gggggaj : | | |
gggg ﬁeak intexactidns,sf gle@tron pairs ?osséséingAequai
and . oppesite nomenia 1ea@ to superfluid state of a solid..
Superfluldity is connocted with the reguiauing of the mcvemeﬂt
of electvcns near ﬁhe Fermi gurfdce, Eathematical mcthods Jh“'
developed in( ) are cons;derably oonnected with the weaknessmj

of these interdqtlonsea

R 4

1) N.N. Bogoljubev, V.V. Tolmaﬁev, DsV¥, -Shirkov
'“ﬁew Methoed in the Theory of Supercopductivity,”
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~ nuoleons, which may be not very 1argee'

It is known that the interaotion between free nucleons is

a strong one. -Nevertheless, the interaction between nugleon

'péirs ﬁossessing equal and opposite momenta bringing tosthe suﬁe:u.

fluid state of nuclear matter can bs considered a- weak one.
Indeed, the successfol applioation of the nuclear shell model |

showﬂ that in 1&9 first approximation the interactlon forces

.between the nuoleoas may be reduced to.a certain effective

potential which oops not. affeot the appearance of the super-
fluio state .and to the ohange of the nucleon masse Besides the
interaction between nacleons, which brings to superfluid state,

depends on the powe? of regulation in the movement of the

gL S 4‘.

_ In the present paper we- shan‘t fortell whioh of the forces,
oentral or non—oentralg singlet or triplet, protonmproton or' _ i

proton—neutron must be responsible for the appearance of super—

" fluid state of nuclear matter.‘ The aim of the present paper
1s to .obtain the conditions which will be satisfied by the most

general form of the potential of'nucleonenucleon 1ﬁ§e§gofion‘ih
order to give superfluid state of nuoloar mattef'possibility to
exist, ' | | . .

~

_29% Hambltonlan of the Interaotion

Let us- consider tha part of tne Hamiltonian of the 1nter-
action which is ;esponsible for the sunerfluid staﬁe of nuclear

matter., We consiﬂer that as well as in the theory of super—

.conductivity. The 1nteractions of . fermion pairs possessing the

'equal and opposite momenta brlng to the-soperfluid state°1 The

inter&otions of nucleon pairs possessing the arbitrary momenta
bring to some effeotlve potential of nuclear matter whioh we

shall nct consider,.




. . Let us p*esent the model Hamil onian of the igtgngcfién
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HLW{Z%KK’(E (K) ’ (“’(/\’V(K’K)(fi (J(') (H (K ) (1)

ynﬁﬂéfe {( is the vo]ume of the system and 9)(‘) CP (k)
fare composed of the opera?ers af the proauction and absorptlon
o of protons and neutrons@ Let us take the 1nteraction ?’(k‘<)

between twv nucleons in the most r='en.era.1 form
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}2’_;}"’ .'_.-'b ,‘('K';(" . . J . t :
Here €= v y € -—-:?737 the first index 4 or L in

the functions ]‘ (KK) means- singlet or triplet states in the '

isotopic spln space, the second 1ndex refers to the usual spin

W . space, 5 means the singlet 1ntera.otion, f means a triplet
one, T  is the interaction of tensor type, and Z 1s the
1nteraction o:f spin-orbit type. ‘ A '

| Frem the Hermitia.n conj,ugation and from the invariance
- with respect to the operation of reﬂection of Spa.ce coordinates
we find out that the functions Tn (K,K") are real and posseas,

e
B

the following properties. IR

Im( T () A (“)J x "

Let 'us present the interaction Hamiltonian(l)- in terms of

the eperators of production and absorptlon of nentrons and

_'prot ens ’ t hat 1 S

M. 4 =-¢— {](KK)[@G/_CL:‘Z@ g 6 g]

ARG LR R

T kK)el b 6 a, .
.2,]-( K)[G, 8 8. a.+a, g“g A, ]+ '
L+ (KK)[O g+g+a,+a, @ @ ] | (4)
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+] (KK)C! @ é o +J (KK')@ g_:gK a,,+,
+f (‘t’) (K K) a/ g ‘o € "‘\q/ +]’ (K l'('} ﬁ/ gk* @ ok GIK + e e
FAEETE T S : o c e e (4)’ ez
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their‘absorption operatcrs,

é o
: +
Here (1K+ L ke “are the operators of proton and neutron
production Orgs | @;u are
and characterizes the qpin directicno

f

The functions

]' (KKJ) j-(k'Kﬂ> and ‘the other o*es are presented 1n terms

"‘a

of t he functions

;En (x, K)

A

{E (’() £, }st st

. / . ) Y ;“ +

1
v Cas

7,1

K, K

Ce C &
LT : )

w@ére EF~ is the parameter>%hicﬁjpiajs
cal potential' *n ncrmal sfa*e 1t 1s equ&l to

Fermi .surface;

the spiﬂ,isotopigdﬁpigrandathe;s*gn~momentum JS o, . %

+

Thus we shall presert the model Hamlltonian as follawsej

the . role of the chemiu

I

£ :
by

””?5>?$

.....

the energy of

5 is the discrete index which characteriaes

S 4 )




'~ “gééond variation of M e 1f the second variation of 4

..9..'_

3, The System of Fundamental Equations

Below we follow the consideretions of Bog'oljubov's -paper(zz .
Let us perform the canonioal transformation e
{z,/ (KSS)OLKS'+U'(KS$)0(,KS} : .‘ (6)
Let us determine the new vacuum state o(, o =0 - and
" f£ind out the average value /*'/ < ¢; /‘/C, . In M 1et

us neglect the terms which remain finite at . V—rw « Let us
£ind out theé functions U/ (K, s) Z/'(Kss) out of the requirements
| '_ of extremum M - vhile fulfilling the additipnal conditions.

The equa.tion obtained yields the solution that. corresponds. to
(n) .
normal state -_';{,C-_‘ o« L el Ty {

- In order to obtain the conditions at wh:l.ch the energy of

i f (ﬂ)
- normal state ¢l won't be minimaJ and therefore the

-

hC-5=2

o (s)
superfluid state ¢ will appear, let us find out the

ey . .

su over U (K., s) ~and U'(KS S) in the presence of adéitional

.lconditions is less than zero for the solution oorresponding ,
o "hormal state” C ) , that ‘means the,t the superfluid '
st’a'ite"" ~'C"'(s)-ap;p:e'a'i'::"s’;.‘“' - R

'_I.‘hus we obta.in that superfluid state of nuolear n;atter
exists only then when there are the solutions with negative

'-"f’eigenvalues E oi’ the following set of equations.

2/€ (- E/VJ(KH—-ZJ (5K)9 (<)- E‘P(K) | "">
/E(K 3 /‘ID (k +-——Z {];(/(K)tf (') +] (KK)&D(K),L
L 05K) ()0, (w50 (412 (9
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*/E(") : /%’ (*‘)+~8 {] (Kﬂ (sz m)y (K,+ o
*I («K)vﬂ(«w (Kx)y)m}» IO
i/E(K) e /W(«H L 4T K}%(Kﬁ—%(ﬂ)? (K)+<1o>

T R QT SRy E R 09,
:c/t(") EF/</? (K) L —-"];(K K)(}p (K)+i];v(KK)‘/p(K)f an
A (KK)W«)I“(K«)WK)} £ 1)

Aoiew 4, TPhbiCohditions 62 Superfluiditx .

“#%- in Case. of D=p. and)1 -n Interactions o

" Baford proceeding to investigations of the conditions of

i“superfluidity of nuclear matter in the most general form, we
RS

' 7}éha11 con31der two particular C&SeSe The firs+ ,9Res when

_‘_ :

Ppidtonwpioﬁon and noutren—nnutron 1nfpractions are considered

-q

‘and protén—néntron interactions are neglected. Apparently

this case is the most interesting one, when pass1ng from ‘
":’.nuclear matter o' tﬁe atomic nucleuso’_ ft'

LR “Let us fina out at vhich &/ (K x )‘ 1t‘i§ possible to
Qd} i e TEES 1 H i MR BLY R LN

solve the equation o

el %:](wwfEW“),,]T"A. @

K}
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with negatlve eigenvalues E 2,5 S 70 . With this aim
‘we investlgate the a.symptotlc form of solutions (7) when |
J‘ (K K ) tends to zero a,s well as E which remains negative.

A

3

‘ Let

X ( K, sz) _ .

We proceed from the sum. to the. J.ntegral -and g\et " f‘\

oy (/K/ /KT, Coso() L _
A 27{(‘('-0-) " ( )5/0/Q/ K /E(K’)" ET/«/-S 3){ (K,Q.): O:; - (12)

., whexe. Cosoc Lo Cos. 17+.9w 1}).5’444 J Los (f tﬂ) A
- Taking: into -agpount that ‘at OwsQ. the: integral :i;'n {(12)
becomes logarithmically divergent near: the Fermi ‘surface let:us

‘e

consider ‘the approximated_ uegua.tion LR B e

mE (K=> T
1 (sl H‘(,f awsf’;ofﬂf (i «F,w)x(«msz)-
Y L@y

.9»( TF’

T L i

which a.t small ] ( K- ) asymptotically coincides with (12)

P

.Let us introduce a- certain funotion BRI RENE

)< X(K'Q) : /
72 (KQ) ) X( Kf;: ‘,Q') {n ME ’(Kr)

5

and

- . l |
7@ .(KF) B ‘. mE (KF) >
. : ' 5

/o/ﬂ dk' &v/K KF [f (/K/ /K/('psa() >{(/<Q)] 0, . B



Then the -equation' for 72 (KQ) - is

;(:' ‘ . | X(Kf-'d) N
%(%Q)QF E (Kr) (Lf)s/o,Q] (/K/ K’: CVS.,() X (K Q) h (14)

X( Ke,
.o/.Q d«&/« KF/O, [, (/K//"/“’“}—(—)f’( ){(«F Q)]

o3 f(ur)s

The solution of the equatien (14) at K=Kg s'ince |
]" (KF K,_- Cosa() tends to zefo exists only when = 7 v F

) j a’ ’&((?KF ay T, {K,;,K,;,COSo(,)<O s

<

Actually 7[(/(;: ) > O\ a,nd the last term in (14) is ‘the value of
higher ord‘er of sma.llness, ii’ for ]:y (K,,-./K/st)there doesn't exist

any region in whre space where it rapidly Ohanges.

‘Let us expa.nd in Legendre p011nomia1s
] (KF,K’F’,"* @osz)‘) ]’ (Ke) Pe, t cm}’)
>i (KF &)S_Vo) &0 0/3 {K ) pe (Cos J)

. PN
A\ .

and perform corresponding 1ntegration. Then we obtain the

conditiens of superfluidity of nuclear matter

7 e . S
J (K;.')<0 ]- )<0 . »

- &=/ e
]& )+ X] (K‘)< 0 ' Q7).
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1f each st e withhgéﬁq%fgggygibgte§5§gxg§;$e{&71itt1e to the

p-p interactlon. RY- ey

LR

........

il 5: - The cbﬁditioné of=supeffldi&itx‘i.

B EEE n!

R in case of central forcesg%. P
=."Ll.‘u !(J_ o 1;3_(’-.:

It 15 of inteérest to con31dér Ahe case with: central, fo;ces..
We come to it if we. suppose that tensor and spln-orbit forces
‘tend to zero more that central forces.

In ‘case of- central forces a seb of equations (7) - (11)

‘,
= . . Lx

is reduced to three independent equations. e
Q/E(K)E /WK% -,—,—zj,v (K«)«;)(K) EW) L oam

IAERY ;':A:’:' r r-.

/sm E;/é,” (« +‘;z I (KKWK} Ev" f > s

/E{K Er/‘f? (K).,,__—Z{] (KK)+/O~(K"K}’}(70(K) E‘f’(«)(zo)

iR o

s :.:.’ P ;"5 as

Fol;owinﬁ the gon51derations 'of thé previous section we'

'get the(m@ditions of sunerfluidity of nuclear matter
el m-><0 T, tr“(«p)w o
: o Lo wgae odae m(zl)
o TS (k)0

£ L ey s e
= A %

it the contrlﬁuklon 01 the states with. 5‘72, 1s not large.
AN : .



f'é':'6. ‘l‘he conditions of sunerfluidity in

—_—-——-—- - i qp—

general case

Now let. us"' Einves’c‘:l;'gate the. restrictions on the functions
.Tm (K K) 1n order that the set of equations (7) - (11) has
' solutions with nega.tive eigenvalues E .. With this ainr we

‘suppose R

“F () 9.+(;<Q).A 4.(0 () 9,, (K.Q)-

/E(K) Ec /+8 /E(K)~EF/+€; '_:

As in the section 4 we pr'océe‘kﬁ to the approximated sefl of ,
equations whic_h at small ,Tm asymptotically coinoides with the -
set of equations (7) - (11). Then we introduce some- unknown

- functions :ﬁé (x, Q) coinciding ‘between themselves at

K=. K;: S e Suppose that the functions ]2,, (KF,/K/_Q) have

- no regions in K -space, where they cha.nge very ra:pidly.

It is: convenient to introduce the notation
R ¢ =
‘ K
‘_/“v":—-._a, { (K,_-,‘K,:) ~Tm ( Fs F)
Then the. conditions of superfluidity of nuclear matter for

the most general case “of nucleon—nucleon intera.otion are '

'Jo/gz" X(Kﬁ,Q) [7{5’ +2(3€,,9L) ”j<9 (22)

A (2]
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__.:..Re/o/ 9”“” ”if bhel L)%(re@e’)ﬁ

(+ ()

9 (K,:Q)[ (]“+] ) 5e (P L@)( +j’£h )]Jr

~ 9+ (kg Q)

; (+> S 1#
RQ/OI‘Q éijFQ; ﬁ;é)& @e e)(sr 7 8(7;2+‘92]+ |

. 6.0 a))mﬂ )(]” ”)+5e (gH@)( oy ]

9 [Kr-

6’ (/\FQ)L(XH (T +Le +5e {éué)[ )]

5 /K Q) /52 -3¢ +6L@@)[‘7;:~T£T-)]}<O
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o g 9( Q) (+) (+)'- e e
1 RQ/J-Q 2' @ (KFQ)[ st +(3€ e)(fw f'r]

» 9&( : o o »
+J£~ - 6, (: ;.Z) [‘Tss  <1 (37 +(3>e e)( “ ]+ = _
| Q+(K,:Q) " .
i | " 9 (K Q) [(@ f {I»€+T£e) 53 ( +¢€)( T )}+ 25
6. (Ke,2) . o
€ T, T se, (e cé)( T ) Yo
el (KF [(g ( )+ . } :

( ) (+) (+)

# __ (=)
9,,(l<p [ f}_ J +(5e e)(fs;’qw)}*

a;:;.;-mﬂ'>U(zf gl

3 Tt VTR Q-I- (K;:Q) [( +L£ ( 1 :7;8)) 3e (@H%,)(T Tt,,)].,. (26)

| 9 (KpQ.

'9_ (K,_.Q;)

0, ("pﬂ} L ~c€ )(TM )+3e (e e )(T(";Lr,. )B 0
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and the imaginary'parts of the errressions-(ZB) - (26) must
be of the same order of smallness as the terms neglected.
The cenditions of superfluidity of nuclear matter (22) -
(26) and the restrictions for the- imaginary parts are very
complicated0 Nevertheless as it was shown in the: previous
wseotions, they give us poss1bility to obtain. 31mple condi--

tions for the particular cases of interactions.

<4.7 Conclusion

“As is shown by the theory of superconductivity(I) the
‘.Fermi 'systems with predominant attractive forces possess’

the. property of superfluidity° i" a - ?"'%*“
| The general tendency of predominant attractive forces
“ reveals itself in the conditions of superfluidity of. nuclear
matter although the conditions ot superfluidity for the: most
.‘general form of nucleon—nuoleon interaction are. rather compli—
cated too, The existence of” superfluid state of~nuclear~

matter is connected with the behaviour of the even states

’ Is{ (KF) T{;s (KF') J-s,rr (KF) J—sf (KF)
a'nd odd States Tss (ke) Toy (Ke), Tex (ke), Ter (Kr:) Tvé(’ (kg)

on the Fermi suriacee' In particular céses when only p—p
WAinteraotions or central 1nteraotions ‘are con31dered‘“the
condltions of superfluidity are reduced to the requirement

that the potentials

Tl xS

-~




TE (;) T“’?{),Te‘(;\;)*-os?' (,.-> fe"( ), T“(KF)

ts

'\.A

are the atﬁrac+1ve potuntialse- Sincé the- states with éG>Q
make a conside ably sma&l &ontrlbutirn into nuoleon—nucleon
'1nteractions of the ccrrespﬂﬁding ehergy region no restrictions-
exist for them. i _ ‘ L

Let us compare the ﬂendit;ens of buperfluidity of nuclear
matter wiLh the notentlals, obtained from the analysis of the
expeximental ‘Bata of ncheonpnucleon scatteringoj It 1s known

thct the. particle dan51ty of nuclear matter 1s approximately

n i1 38 g&rticles 4
2022 10 em’ . On this condltian the wave length that

corresponds to the Fermi energy is 09675010 ~13 m§m°< On the

"basis of a number of papers(B) the conclusion may be. drawn that -
the potentials h&ve a repulsive ch&racter when the wave, length

is of the order of (0,2 - 0,5)e10"

cms~and~1ess,; at larger
‘wave lengths tncy nave an attzébLiVe charaetere ‘Thue near
- the Ferml sarfase the nueleonnnucleon potentials are in general '
attractive ones. " | ' ’ |
" Acoording to the datz ‘on nuclean{nucleoh pétentialé,weA
may come toAtﬁé conclusion that the conditiens-of'superﬁluidity'
of nuclear matter are in geneval fulfilled if- the interactions
bringing to superfluidity are weake

L d N - PR ®

&) P S. Signell, R.E. Marshak," Physg ReVo9 106, 832 (1957) ,
JsLe Gammel R.M. Thaler, Phys. Rev., 107, 291, 1 3?7 (1957;
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