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1. Introduct1on 

Experimenta~ measurements of deuteron elastic scattering on 

recently performedL1Jpoint to a sigraficant deviatiQn from the Ruther· 

ford scattering. This effect originates fro~ a large magnit~de of the 

deuteroD polarizability arising in the nucleus Coulomb field It cano 

ue shown that this pnenomenon may be described by an extra effectivo 

polarization potential of attraction, Lntr'oduced in addí, tion to the 

Coulomb potential, decreasing .at Lo ng dista~ces /t: as "L'1 • 
A specific feature of the scattering in the potentia+, the sum 

of the Coulomb and polarizational ones, is a strong dependence on the 

energy of	 the elastic acatt ez-Lng amPlitude in a low-energy region, 

éllld switchillg on the strong int.eraction does not practically change 

t hat dependence/2 / . Thus, in studies / J , 4/ 01" t rie elastic pcí -scat
tering a t	 energies t= < 10 ke V it has been found, in particular/ 4/ 
that the effective radius function suffera a discontinuity (Fig.1 )at 

an energy about 2 ke Y, This singulari ty of the effective-radius func

tion is caused by a strong energy dependence of the wave function 01' 

pc~-aystem. In this paper, it is shown that this property of the 

wave f'unc t í.on results in a rapid growth of the cross section o;ct( E J 
of radiative pd.. -capture at energies E ~ 2 keV. A behaviour of 

that type of the cross aac t í.on quali tatively differs irom that pre

di ct ed . by t he t heory tha t do es no t take account o f the polarl"aQill 
ty of deu t e r on , 

Henee i t followa that the astrophysical S -factor of the 
tion J J 

P+Ov--7He,t-Ó 
2/17 (E) (1) 

. ~.;-.:.~~: X~<l (E)== ~0 +f (p) (b +L P)]) E::: Jt2t' ) 
(2) 

"'.' \J" S +- p nel 
' 

7.( ~ =/\e./9 ia the Sonunerfeld parameter, fi Ls the reduced mass.J 

r,= {Z,fl E" ) ia no t a smooth func'tion of the energy, and therefore i t 

cannot triviaIly be extrapolated to the region of astrophysical low 

energies írom the existing experimental data. A íurther strong ener

gy dependence 01' the cross section ~~Jl gives rise to a sharp in

cr-eaae in the yieJ.d 01' J I-le. *) nuclei and in the flUI of "boron" 

neuurd noe , 

2. Calculation 01' the croaa Sect10n 01' Heaction p'''' ç( -;> 3J-.i e i- t 

Assumlng charge independence of nuclear forces WB shall describe 

the effects ~í strong interaction in pol ·-system by the correspond

zng amplitude of radie.ti ve y\~ -capture. As ia known, the radiati ve 

~dv -capture at low energies proceeds mainly through the magnetic 

dipole transition whose amplitude XVl[l. (E) is proportional to the 

overlapping integral 

X" . 
}'lo\. (E) "'- <L1:

T' I±'tI~ >' 
where l':t,.>La the tr1tium wave function, and 14--",a) ia the runc t í.cn 

01' V\~, -ayetem. It can be shown that the amplitude Or oS -wave Y\et
-capture l"ro"m a atate wi th spin S lllW approximately be represented in 

the forro 

~ o.: L S '2 

I wnere h,Dl - t a t he ampl1 tUde ar eLaat í, c nJ, -B ca t t e r í.ng , Q,'- 1 B 
s 

I 1the tri tium b1nding energy, ():: ia the constant specit'ying sp í n pro

' / partias 01' j-body ayat ern- Using te) we pareme cr-a z e tne half-mass-
Icholl ampll tude 01' ncl -capture by t ne expr-eaaí.on 

;:)'2(E) = i:= e. <!pcI (t~) . . .. 'I' 

'~'" " 

í ol 
F i g. 1.	 Function of the effective ~ 

ra.dius K(5);:: C ~ (fl ) i-q.ct~8+ ~'1 
T2.jf~[,,(rl)(for the notation ::C:.2 1o !(
sea the text) for the case .	 ---lI 
of doublet elastic pol-scat 5 10 
tering/4/ . 
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~I 

v (E)= c~(E)) GJP/2 \3) 

r- Y\cl ) P f, 2(E) r ?" j1-'f 

Ao 1 t ia ahown in ret,./S/, at J.ow energies tne fuuction fr, (E) 
conatant, and in the caBe 01' capture 01' S -wave neutrons i t 

1n the irJterval 0.22.. f-w.-I ~ ~ ~ o~ 2 ~- {'Ui-I. 

Ao amplitude tj) ia defined in the plane-wave basia, the long

~,:rQngo 1ntornction in pet -system may be taken into account Wi th the 

:'~olp af thQ tranaformations: 

,-------------- 
'.Lt 10 to	 bo noted that the sarne reasonínge are, obviously, va

it nn 1nc1dent proton ia replaced by a tritium nucleus.h,1d 
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fX cL~ 7.. 
(4)

X~ rL (t=)-= J nc{ ( G) P) ':t' (q) p)(~3 ) qz: 
2r L:= 00 

(9)
where ik(q.J p) ia tne wave function that t axe s account er the cou Ili f(~ }= - T- i'Lot'r. «;q1-) \Ir (1.) ~ (q, 1-) , 
10mb and eff~ctive polarization potentia1a in p~ -aystern, and 

Xpcl(E) is the amplitude of radiative· pet -capt'ure. At small q the amplitude ·f (1) up to exponentially small terrns is 

of the form/2/:" 
In the coordinate representation the S -wave cornponent of the
 

/. . ~ 2 Z.
function ~ (q) p) obeys the e quat í.on f (c;) ~.~ .~ Cf )3 := 2.t le. , (1o) 
. Qo I rs /34 ) 

For·"L <..'Lc there Ls no polarization potential (6), which leads to'1(q) 'L)':= F~;q t) +,;ir}/d./l.' ~/tl 'l.~ 9)Vp ('t') ~ (q, 'L'). (5) 
a smooth dependence of the wave function on enere;y at short distances. 

O 
A strong energy dependence resulting from a long-range nature of the

where ~ (q'L) is a regular cou.Lomo function wi tn t ne asympto1;ica 
polarization potential does appear when '1... ?71~ , therefore approxi

s~7 L9~.) ~ -'Si'Y1 (q~ ·-1.evv 2 c( L. +~)J~ ia the Goulomo-scatter1ng pha mation (8) can be made. 

substituting (8) into (7) and using (J) we obtain for XpdJGJ~c..l"t' 'l.í) 9) is the Coulomb ureen function: 
a 

X'pd~ (E ) z: X~ (E)( ~~ q2-) LI (Cj) + J (q)J ) 'il-<-('t, 'l.j 9) = -'-%- ~I JFi. (F)l-Jo (q'l!)e ('l!- 'L)-/
where 

OC 

/-1 0 (q'l..) ~ (~"l.) (9 (2. -'2.') ~ ) ~ ( I ( - gtê
1.. ~ ) == Cf J e- Fe (q ê-) d.tc. ) 

. O OCO> ( 11)9 ()()::: f i »<'70 

(D 
) 

><<"0 J (9) z: Lf (1 ) j e- f/l~ l-te (?'L) dit-
o 

l-lo(~1..)= Fo(~1-)-~ <;:0 ('li) 
The integral in (11) may be written in the form 

~D (f\~) ia an irregular Goulomb funct10n with the asymptotica: 
(12 ).~ 

00 

\ é:" Ho nX)etx )
Gto(9'l)~ ~(Cj't- -1.ew2q~ +6;) ) 1- -:?J GlO o 

whence it followa that in the energy region from O to 20 keV, where 
Vr('t.j=-e(~-2.o)d...eI2~4is the polarization ,ó) 

2.. 

1(f: <<. i ' integral (12) ia calculated with o. go od ac curacy if the 

f'unc t í.ori H,;, (2) is approximated. by
po t errt í.a.l , d... = 0.70:!: 0.05 fw3 /1/, '2. 0 ia une radius or the 

aphere outsid~ of which the nuclear 1nteraction may be neglected. Hc ( l: )::::: Co (1 ) ?: ( 1.t 2Ê: ) 
Using expression () we rewri"te amp~1tude (4) in the form 

CC> • . '-1.. (13) 

V f -~"'t (7) ~ LCo (1)[i+21 C (~ i t -+ ZQ- 1·t h(1) + ~ "{ ) ] ) 
I'pet,,(E)=O-(E) e ·'1(1J·1-)1.AfL

o ~ = 0.5772) is the Euler constant, C~(7)= 2tr7[tl"7-.1J'-~
From equation ,,) when 'l.. ~ ~ we get 

h,l~)::: RI?. ~(i~ )- e,7' 
,!:J)':to (q 'L)~ Fo ( qz) + Lli f (q) ~ o ( qIl-) As a resul t, for T (? ) w:~ find 

J q1... I 1"l...) 

where S(9 )=~ fr~) C.(7*i-t ~) 1-LC~\7)rit : (.e..-t + h(?) +()]1
4 
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In the same approximation for .1 (9) 

I (~);= ~2- C c ( 1)(i t ~ ). 
And finally, the amplitude of radiative pct -capture ia determined 
by the expression . ' 

XpJ.. (E) =o CD C>t)X~<t (E')(:1.+ ~2.) [:i.t- Vi, + 
( 14) 

+ teql? u- ~ C~ (1) (1+ \Yt) + giP -t...~ + h. (1) -I-d j · 
The total cross section of p~ -capture (M1-transition) may be repre

sented in the form 
,,2. 'IX' 2

1. \ Xpet.) 2.. Itr.::- \ pt! , (15)
<JPo!- " :\; °rvet. 2)< ... ~ ( ~ u><<i. . j X..L 

2.,'f 2,Q 
where ~l and X are cross sections and amplitudes of radi
ative rJcl -capture from states with fixed spin, 1/2 and 3/2, res

pectively. 

AcC~rding to (14) the ratio XpcL/x~cL is spin-independent. 
This property of amplitudes res~lts from spin independenee of the 
Coulomb and polarization poten~ials. Then, from (15) we obtain 

Clpcl= u.-cl \ j~<t r-· (1b ) 

where Cl~~ is the total cross section of the neutron radiative cap
ture, and the ratio of runplitudes ia determined by expression (14). 

3. The Problem of Solar Neutr1no' 

F70m expressions (16) and (14) it follow8 that the function 
SI~CE") in formula (1) is a constunt only in the appz-oxâmat í.on that 

does not take account of the deuteron polarizability ( dL = O). Ac
count of the polarizability leads to a strongly energy-dependent term 

in the amplitude .XpcL proportional to the quarrtí, ty 

(17 )f (9){3, -L __ c: ~ «. '>- li 9 .
 

CoL (~ ) I ~7í" r '1 e
 

() 

The solid curve in Fig.2 representa the energy depend~nce of 

.the astrophysical factor S \'2.. ( G) calculated by formulae (1), (14),'f.~I 
(16) at ~ value of ~~Cl taken from experiments/6/ on thermal neuÇ1 trons and extrapolated by the law ~/lí into the region of energies 
of several keV. The dashed line is obtained in the approximation 
~ = O. As is seen f tom the Figure, both the curves coincide in a 

wide energy region up to 4 keV. However, at ~< 3 keV the contribu
tion of the polarization potential becomes significant, therefore at 

E = 2 keV the difference 1s 1.5, ~t t7=1.5 keV - 8, and at the 
energy E = 1.3 keV corresponding to the temperature a t the sun 
centre Te..::::- 1.5 107K/ 7/ t'he differenee reaches 50. 

In Fig.3 we show the total cross seetion of radiative pJ -cap
ture in the energy interval from 0.3 to 45 keV (in the lab.system). 
Both the curves calculated with and without deuteron polarizability 
well describe the experimental data/8 / , however, at energies of an 

order of 2 keV, where there are no experimental data, the cross sec
tions become qualitatively diffe~ing*À 

A sharp growth of the cross section of radiative pol -capture 
leads to a cous í.dez-ab Le increase of the yield of JJ-fe. nuelei. The 
rate of production of these nuelei is proportional to the quantity 

~~ ~ vr / ' where averaging is made over the Maxwell distribution: 
p • 

'L~ \ . li (~-,>z.fi h. .-? - 2l::T tr-U"(J) . X pet· (E)
<..GfcLU/ 'z: ( ~) d1J e. Cf.' (E) LI I' )\Z.fli'-T J I'\a.. X~(E) 

.Here lfo is the mean veloci ty. 

Let us estimate the quanti ty <,CJpcllf') at temperatures .close 

to lIc and compare it with an analogous quantity calculated in the 
standard theory that does not take account of the deuteron polariza
bility/9/. 

Considering that the width f::, E of the Ma.xwell distribution near 

T:::- ~ amoun t s to se --- 0.3 eV for the ratio 

(18 )R(T)== ~crpd- F)/<csp~ ~~=-o 
we obtain the values reported in the Table.~ ~he cross seetion of p~ -capture turns to infinity because 

',I
I ~ the cross section of elastic p~ -scattering when the polarization 
\ potential is present also turns to infinity at E: = 0/3,4/. 
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F i g. 2. The energy dependence of the astrophysical factor~~
 

The solid curve corresponda to the value
 

~ = 0.70 fm3, the dashed line-to ~ = O. Expe

rimental data are taken from ref./S/.
 

J
The r-a tio (1S) of yields of I-\~ nuclei in reaction 

p ret, -?> ~H~ ;- O' 
Table. 

T(~e..,,) I I 1.2 1.3 1.4 1.5 1.6 3 

5.710) 0.89 10) 1. 9 102 51.) 18.2 8.2 4.5 1.05~ 

As is seen 'f'r-om the Table a t the temperature T = 1.3 keV ac
cepteu in the standard model of the sun for its central part the 
yield of 3 He nuclei is 50 times as large as the value used in cal
culating the neutrino flux «J from the sun/9/ Sincev 

R'" "-- (G;')c:l lJ;> 
the obtained disastrous growth of the yield should result in the 
"boron" neutrinos flux 4> :::::- )50 smr k 

It ia obvious that an accurate description of the kinetics of 
alI involved processes becomes very importante 

.. Note that .Ç'rom a.Ll, the above considerations on~e may conclude 
about increasing the cross section of reaction J\-t12. t I-te. -.:;> '1\-\e. + 2... P 
in the region of several keV, i.e.,about decreasing the "boron" neu
trino flux from the sun. 
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F i g. 3.
 The cross section of radiative p~ -capture 
as a function of energy. The notation is the sarne as 

8/.
in Fig. 2. Experimental data are taken frorn ref./

The predicted increase of the yield of nuclei in reactions of 
radiative pdv -capture (and the corresponding fea.aible increase of 
the neutrino flux) has a simple qualitative interpretation. The at 
tractive polarization potential at long distances diminishes the ac

tion of the Co~lomb barrier between proton and deuteron • Due to the 
long-range nature of both the potentials the above compensation is 
strongly dependent on energy. As is seen from Fig.1, at the energy of 
~2 keV the elastic p~ -scattering amplitude turns into zero,i.e., 

the inter~tion at that energy in an initial atate vanishes, which 

just promotes the increase of the capture amplitude. 

However, it should be· remembered that the above estimates nave 
been performed under the assurnption for the deuteron polarizability 

to be energy-independent. Neverthelesa, from a physical point of view 

it io úlear that at sufficiently low collision ~nergies (e.g., in a 
thermal region) the deuteron can be considered as an absolutely rigid 
Bystem, i.e.,the influence of polarizability may be neglected. 

9 



Thus, we are faced urgent necessity of a more thorough theoreti 
cal analysis and experimental study of the radiative p~ -capture at 
relativa energies of colliding particles from 1 to 3 keV. 
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EenneB B.B., KapTaB~eB O.H., Ky.3bMHQeB B.E. E4-86-66 
Bn~nHHe nonnpH3yeMocTH AeATpoHa 
na p anaauaoauuã pd -3aXBaT npn aCTp0<!>H3H4:eCKHX 
HH3KHX 3HeprHRX 

06cYEAaeTcR ponb nonRpH3yeMocTH AeATpoHa, B03HHKaIDmeA 
8 KynoHoBcKOM none rrpOToHa B rrpo~ecce paAHa~HOHHoro pd-sa
xoaTa E 06nacTH 3HeprHA 0'1' I AO 30 K3B. TIoKasaHo, 4:TO npH 
:JHept'I-IRX E S 2 K3B Ce4:eHHR pe arcnnã p + d -t 3He+y paCC4:wraHHbIe 

C Y40TOM H npeHc6peJKeHHetvI nonlIpH3yeMocTbID ,r~eHTpOHa CHnbHO 
p.1:1.nllll~IIOTcn. I1PH nCTpocln-f3HlJ:eCKHX HH3KHX 3HeprHHX S-<!>aKTOp 
OIW1ltllln(lTCH !5hICTPO paCTYII~eH <!>YHKUHei{ suepraa , 4:1'0 npHBOAHT 
I( Pl"ll<OMY Yllü!ll1110111l1O BblXOA8 nAep 3He /"renHesaR xa ra c-rpoóa" /. 
COI'JI/I('IIO C:1'c1111l,npl'II00 MOAt.~JHi Cormua 31'0 AonEHO npHBeCTH K BO
3PI1(:'flllllllll uoroxn "üonuux" HcHTPHHO, R v . JJ:aHa ottenx a BenH4:HHbI 
RI} W111 'rl'MIl0pn'I'YP, COOTJJC'I'CT8YlOmHX 3HeprHHM, MeHblllHM 2 K3B. 

P<ll:('lJll'I'lUlllOe n pn õo r c ccxeuae /'ri S -1l>aI<;:Top/ c o anazrae r c axcn e 
PHMl'Jl'/'ll.llhllhll'1 ri roü 05J1IlCTH I[H3Y<HX '~IleprHH, r-rre H3MepeHHH npH
BC,!1,(1111,1. 

n Ptlrin'I'110.ubInOJmell<l B JlflôonaToPHH Teol>eTHYlecr,s0l1v'dJH31'rfl<.kf OmH1 
1'10 11 I'"I-IT osenancunoro HHcTHTyta anepusrx HcCne.a,ooauHH. y6Ha 1J~6 

Bclynev v.a., Kartavtsev 0.1., Kuzmichev V.E. E4-86-66 
Inf l ucnce o f the Deuteron Po l a r i z ab i l i t y on Radíative 
pd-ClIpture at Astrophysical Low Eriergies 

Thc role of deuteron polarizability is disc.ussed that 
ar Sl~S in the Coulomb field of the proton in the pr oc e s s ofí 

r nd i a t i ve pd -capture in the region of energies fr orn I to 
30 keV. It is shown that at energies E s; 2 l<eV the c r o s s sec-, 
t tons of r e a c t i on p + d -+ 3He+ycalculated wi th and wi thout t he 
deuteron polarizability are very different. At astrophysical 
low energies the S-factor appears to be a rapidly growing 
function of energy, which leads to a sharp growth of the yiel 
of 3He nuclei("Helium catastrophe"). According to the stan
dard t'heory of the sun this should increase the "Boron"-neut
r i n-: flux Rvo The quan t i t y Rv is estimated for t empe r a tu re s 
corresponding to enetgies lower than 2 keV. The calculated 
cross section (and S-factor) coincides with the.experimental 
onc in t he Low-ee ne r gy region avai lab le for me a suzernen t s . 

The investigation has been performed at the Laboratory 
ío f	 Thunre t i c al Phvs c s JINR ' 

t'rcpnnt oT the romt lnstltute ror Nuclear Research. Dubna 1986 


