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LIntroduction

It is well known that the nucleon-nucleon 'scatteringylength

depends very strongly on the parameters of the potentiai, depth,

}interaction radius and core radius. From experimental values of

the smglet scattermg 1engths for the different nucleon pairs a,, ,

azs, and a,, it is poss1b1e to learn to what extent the pr1nc1p1es
of charge independence or charge symmetry are va11d The first

principle demands equal nuclear forces inall three poss1b1e charge

v’states and consequently a,,= a5, = a,, . Charge symmetry invol-

ves only a,, = a,, . Only an;(—23.715_t 0.01) fm is known with

good accuracy/ 1 . The extraction of the scattering 1ength a ‘f‘or

'scattermg on the pure nuclearp ppotentlal from experlmental

’data is a rather cumbersome procedure, the result of which

(a,,, = -17.0 fm) depends on the details of the assumed nucleon-

2/

nucleon potent1a1

So far, attempts to explain the difference q,, - a,.,, predlct

'only the correct sign but not its magnitude (see review article

o /3/

). Therefore, knowledge of an accurate value for a,, Seems

, to be of interest. In add1t1on, it is also app11ed to astrophys1cs

since the behav1our of neutron matter in neutron stars depends

N

nn *

solely on the scattermg length «



Up to now, scattering experiments with free neutron targets

have not been performed yet. Instead, one is forced to use some‘g}‘."’:'

many-body nuclear reaction, in which a pair of neutrons is gene-’f’fﬁ
rated. For observation, such events are then selected w1th two - ‘f
neutrons emerg1ng nearly in the same direction with approx1mate-‘

1y equal veloc1t1es Experiments w1th the react1ons H(n™,y) andi o

2R, 7n)p. have been reported (ref /4 /and refs. /5:8/ respect1ve1y).‘

- These are very comp11cated measurements with extensive experi-

' .'mental techn1ques Since the intensity of the 1nc1dent beams ofk,",,;‘

‘7. or neutrons is rather low, the statistical accuracy of the re-

-sults 1s 11m1ted Therefore, in recent years ord1nary charged par-‘

o neutron pa1rs in the react1ons 34 (d,’He)2n and 3H(z 4He)2n (refs.

: Watson-M1gda1 formula

R: and

t1c1es such as deuterons and tritons have been used to- produce

/8/
J/9/ .

b4

respect1ve1y)

For the extract1on of e, the exper1menta1 data were commonly
compared W1th some kind of Born approx1mat1on or the s1mp1e, :
/10.11/ :

The latter approx1mat1on is va11d

in the 11m1t of van1sh1ng relative energy of the neutrons. The ma1n

;aim of the present paper is to prov1de a - kinematically complete

exper1ment with the reaction 3H(¢ n*lle)n and use the h1gh yield and

'f avourable exper1menta1 poss1b111t1es for the extraction of a suff1- ;

~cient1y accurate value ofa,, from the part of the spectrum w1th

rather small relative energy E,,

2 Exper1menta1 Procedure ‘
"The, exper1menta1 set-up is shown in fig. 1. Tr1tons from

a small Van de Graaff accelerator with energy 1. 50MeV bombarded
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‘a gas target with mica entrance and exit windows, The target was
filled with gaseous tritium at a pressure of 220 mm Hg by heat-
ing uranium loaded with ’# .After the exposition the gas 'w‘as_y reab-
sorbed by the ‘uranium. The effective length of the target was
13 mm. The beam energy in the target centre was 1.39 MeV. The
target was electrically isolated, So ‘that the beam current could
be controlled by a current integrator. The beam intensity was 1i-
| mited to 0.3z4 rather due to electronic overload than by"target
failure. The alpha particles were detécted at an angle of 10.5%with
| respect to the beam by means of a p -Siltcon surface barrier ‘de-
‘tector. A 4 mg/cmzalummmm absorber placed in front of the.de-
tector removed the scattered tr1tons The target and alpha detec- |
tor were surrounded by a reaction chamber with thin walls. The
neutron detector consisted of 4x4 cm? stilbene scintillator coup-
‘led to a fast photomultiplier. It was placed at162.8°, coplanar with
beam and alpha detector but on the _opposite side of the beam (see
fig. 1). This geometncal arrangement satisfies the cond1t1on that
, a neutron pair with zero relative energy hits the centre of the scin-
~ tillator, if an alpha particle passes through the centre of the alpha‘ ,
detector. _
. The electronic system provided a»two-dimensional analySis

for the neutron time of flight and the alpha particle energy. The
| ‘signal from the sem1conductor detector was amplified ‘in a pream-
: 'pfller contaimng a fast and a slow branch/ 12/ . The slow S1gna1 is
then stored along theY -axis of a 128x16 channel analyzer The

fast pulses from the preampfher and the S1gnals from the photo-



o

multiplier anode are fed to a time-to- pulse height converter

Time of flight is-then analysed along the X -axis (128 channels). The ‘

‘f11ght base was 73.3 cm.. Pulses from 11th dynode of the phototube

were, amplified and fed toa discriminator, which gated the analy-

ser. Only the events with proton recoil energy exceedmg the thres-

5.h01d of 0.37 MeV were perm1tted to be analysed. This rather low

detect1on threshold resulted in a wide dynamic range, W which was
acceptable thanks to.a good compensation for the .amplitude depen-
dence of tr1gger time (see ref. 18/ ). A low threshold for neutron
detect1on has the advantage of minimizing the error in the calculat-
ion of. the ‘counting efficiency. The parameters of the exper1menta1 )
arrangement such as the d1ameters of collimators, target and scin-
t111ator d1mens1ons, flight base, etc., were roughly: opt1m1zed in

order to get minimal. smear-out of the final spectrum at a given

: /_eff1e1eney of the system.

-3, Experimental Results '
3 1 Exper1ment w1th the react1on 3H (t n 4He)n

. The result of a 25-hour experimental run, is shown in fig. 2.

There were four groups of events in the experimental two-d1men-

.s1ona1 distribution, namely:

(1) The leftmost group covers a reg1on where the two neutrons may .

1nteract strongly in the f1na1 state, as their relative energy. is small.

(II) The events in the lower . right part or1g1nate from sequent1al 1

decay v1a the ground state of 3He,



(III) An intense line in' the upper right part with 11.6 MeV neutron -
energy is generated by the ®H(t, n J*He reaction with a 0 5% deuteri-
um adm1xture in the gas of the target

(Iv) A fa1nt 11ne not shown in the f1gure was exp1a1ned by the’H( d,n)“He
react1on by a(HD) component in the beam of mass 3. '

, The last two lines were used to determine the zero point of
the t1me ca11brat10n and the time resolution dur1ng the actual
-exper1ment The rms- resolution for 1.6 MeV neutrons durmg 25
hours was 0.78 nsec. The 11ne had no Gaussian shape.

For data reduction the numbers of pulses in the vicinity of
the kinematically allowed curve were concentratedon the time ams
The background of accidental coincidences was calculated from the
measured single‘_alpha spectrum and the density of chance coinciden-
ces in the regions of the plane free of true coincidences. Below the
final state interaction peak their contribution amounted only to 2%.
The corrected distribution is shown m fig. 3.

For extraction of the scattermg length a,, from that spectrum,
" the measured cross-section 3%°/3t,99, 90, has been ‘compared

with the following expression

The f1rst term is the Watson-M1gda1 approx1mat1on. Here lT l2
denotes the squared matrix element w1thout attractive forces be -
tween the neutrons in thefinal state, The Jost function enhancement

4/,

factor B(k,.,,) expresses the action of attractlve forces 1n the

final state
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‘where - is the effect1ve rad1us for n—-n 1nteract1on,‘hk,,,, 1s the re- B

| 1at1ve momentum of the two neutrons In eq (1) p is the phase space

factor, wh1ch represents the Jacob1an of the transformat1on from
the momenta of three final part1c1es Pp1*Pnz ,p to the set of

var1ab1es f1xed or measured in the exper1ment the fhght t1me (t, ),

' neutron and alpha sohd angles (%, Qg ) total energy( Ey ) and tota1

imomentum (P, ) ‘

: a(Pnz 3Ppy 2Py ) . ‘ : (3)
' a(t.Q,, nEP)" -

For ca1cu1at1ons of kinematical quantities a comp11at1on of formulae 7,"7

pub11shed by Ohlsen/ 5/ was used. The second term in eq. (1) re- '

presents the contribution of the react1on mechanism proceed1ng

‘via ’He The function f may be assumed to be constant or be taken g

in the form found in the exper1ment w1th the react1on 3He( 3He, p4He )p
(see sect 3. 2) The resulting value of @nn does . not depend on the - i
form of f/ . Before comparing expressmn @ with the measured

t1me of fhght Spectrum N(t)from fig. 3 one must fold in the f1n1te

_ esolut1ons of the exper1menta1 apparatus for neutron angle 0 ,

a1pha angle oa , azimuth ¢, and t1me t

"N —-fe(t ),_.—a—’-———-—F(z —t, e—o 10.=0,,)dt, d6, d0_dg . @)
0,00,



The - 1ndex 0 marks the values of the correSponding angles for.“
the centres of the detectors. The resolution functionF describes '
| the propert1es of the measur1ng equipment. This was very accu-
rately approx1mated by a four-d1mensmnal Gaussian d1str1but10n |
The matrix of moments for this distribution was calculated by
a Monte-Carlo code, which took into account the dimensions of the
target, scintillator and collimators, divergence and diameter of the -
beam, and multiple scattering in the windows. The integral (eq.(4))
was then calculated numerlcally by an Hermite quadrature formula.
The detection efficiencyf of the neutron counter was originally
determined by an elaborate program which ‘considered also the .
' double scattering of hydrogen nuclei and successive scattering on
carbon and hydrogen as well as the nonlinearity of the light output
in. stilbene. From th1s compllcated program a simple emp1rical
express1on for ¢ in the region of interest was derived, The com-
bination of analytic and probability methods for calculating the in-
tegral in eq. (4) proved very effective. Some special calculations .
showed that the d1stort10ns of the spectrum due to energy 1nhomo-
geneity of the beam as well as to the simultaneous absorption of -
two neutrons in .the Scintillator were negligible in the considered
case. o | s
The followmg procedure for extracting the value of o, from
the time Spectrum of f1g 3 was then adopted At f1rst a standard
‘maximum- likelihood - procedure fitted express1on +(4) with three

free parameters o - /T, 12 and 4 to the measured distribution in -



a broad reg1on. Then ‘the obta1ned value of 4 was used to f1t two_.
parameters Gp n and\I,lzm the interval around the maximum corres- ,
pond1ng to 0 35 MeV re1at1ve energy of the two neutrons ‘The va1ues .

fora,,,.from the two f1ts d1ffered by on1y 0. 3 fm. The result 1s
b =(=15.0 +10) fn. -~ (5)

The - standard error + 1.0 fm includes also the influence of syste-
matic errors in the determination of all exper1menta1 quant1t1es The
dominant- source “of systematic errors were the’ ca11brat1on con="
stants - of the t1me spectrometer, a1though the channel width was
determ1ned by cables, the delay of which was ca11brated by means
of a precision phasometer The zero point of the time scale was cal-- -
culated from the position of the2H(: n) 4He peak. The pure statistical
standard error amountedtoO 3fmin boththe two and three parame- -
ter fits. For the unknown effective rad1us r= 2 7 fm was 1nserted
But the resulting ¢,, is almost 1ndependent of r, }
In fig. 4 some recent results for a,,,, are compared, which have
been obtained on the basis of either complete measurements or the
_ comparison. method with the mirror react1on. From ‘the stat1st1ca1
point of 'viewlthe agreement 1s even t00 good. A more extensive
review of earlier experiments 1nc1ud1ng s1ng1e spectrum measure-

ments can be found in ref. 7.
3. 2'." E‘xprerimentm\'with the mirror reaction 3He(‘f}13,p e )p_,,;«w"

~In order to check.the method- of obta1n1ng App descr1bed ‘in "'

thek,‘,pr‘e_cedmg sect1on, an analogous. exper1ment with the m1rror

10



reaction ’He( ’He,p* He ) p was done. The experimental arrangement
was the same as 1n fig. 1 with the only d1fference that the time "
of f11ght analys1s was subst1tuted by pulse height analysis of a pro—‘
ton by means of a second silicon detector ‘The 1n01dent energy of |
e part1c1es was 3.35 MeV 1n51de the gas target At lower energ1es g
the y1e1d proved to be 1mpract1cab1y low Fig. o demostrates a pu1-
se helght spectrum of the protons from a measurement 1ast1ng :
100 hrs. It was agam extracted from a two d1mens1ona1 d1str1bu-;
tlon by concentratmg counts around the k1nemat1c locus on the E,
axis and subtractmg acc1denta1 commdences A prec1se energyi
calibration of the pulse he1ght analyzer was ach1eved by means of |
various proton lines from the ’ZC/ He,p )and 160(3113 p ) reactlons
Window th1cknesses were determmed by observ1ng protons from:

aCO f1111ng of the target The d1str1but1on of f1g 5 was f1tted by ‘

.an expressmn s1m11ar to eq (1)

aa

=IT, P Bk)p + A f(E_,E )p . (6)
aE aQ aQ ) o

with an enhancement factor/ 18/

[-—-.-——-+———r 2 +R- ((Zn—a-+2y +l)]2

l
S r a )
Bk - o pp "
(‘) CP )kt + =—i-+-—rk —flll) ; ()

2(Tl) 4 2°°
Here %k is the relative momentum’ of the two protons and r, and

, denote the effective radius and scattermg length for p—p scatter-

1ng, respectlvely. Other quant1t1es are defined by.
Ty 2

R=—bom —mazfn; n =(2kR S 5 C¥) =20 /(e (2nn)=1 )

1



h(n‘) = fﬂn —y ‘+n“”=1' —_—__—n(n‘2+n2) N | o (8) ,‘
" where y = 0. 5772 is Euler’s constant.
o S1nce 1n the case of two protons the enhancement factor B

is’ zero for van1sh1ng relative momentum k the second term

. ,FA fr from sequent1a1 decay via Ll 1s essent1a1 The form of

this contr1but1on was determined 1n an extra measurement with

the proton angle changed to g,= 120 The alpha angle rema.med un=-
:changed, ;e. <= 10. 5°. In th1s case the first term of eq. (8) be-
comes - small It has turned out that the second term could be well
described by the simple dependence f(E, ,E, )= 1/E2 +1/E2 ,
where E,adenotes the energy of relat1ve motion of the proton number -
i with respect to the alpha part1c1e. | -

Expression (6) w1th the known function f is now folded in the o

'manner described in sec. 3.1 and. the result is compared w1th the .

d1str1but10n of fig. 5. The three parameters [T, 12 a,; and 4 ‘have
been varied. The result obtained for the p-pscattering length is
By = (-7.6+ 0. 6) fm. The standard error of 0.6 fm includes syste-
, matic errors. The three free parameters are correlated only
-very weakly. The obtained result agrees well with the. exact value
a,,=-1. 82 fm from freep-p scatter1ng. ‘ ’

- 3.3. Exper1ment with the reaction “He (¢, p e )n

‘

For the sake of A\c'ompleteness, we have also measured the

, two-dimensionalp—"He distribution from the reaction He(t,p He) n - f

12



‘with -triton energy 1.39 MeV in‘s'ide. the target, using the same ex-b
perimental arrangement as that given in sec. 3.2. The energy ca-
libration has been ensured by reactions of tritons on!2¢ 5 160
and - ?He The proton coincidence ‘spectrum is shown in. fig. 6,
the measuring time of which was 100 hrs. The following Watson-
ﬂM1gda1 expression has been fitted to this experimantal distribution
3o
9E, 59, 39,

=A|To‘| B (k)p +]'To [ B(k)p , (9)

- where ¢ and s denote. the triplet and singlet n-p states’ and
B%k), B* (k) are Jost functlon enhancement factors of the form
' g1ven in eq. (2). Three free parameters have been used in the ’
fitting procedure the s1ng1et n—p. scattermglength a® np andthetwo o
intensities Irs |2 and | T‘ 12 For the other scattering parame-
~ ters the known values were inserted as follows a.= 5, 4lfm; =
=175 fm and r; = 2.76 fm. The fits resulted in a value a,,p= ‘
= (-21+ 3) fmr in agreement with that found in free n—-p. scatter-

ing/ 1/ The ratio of the triplet part to the singlet one in the cross-
section (eq. (13)) was found to be ITf 12/ 1} |2 =08. '
4. Calculations with Born Approx1mat1on

In order to relax some of the assumptlons mherent in the
Watson-M1gda1 model PWBA calculat1ons have been performed.

The T -matr1x element for our react1on is represented by

T =<® 4 & . YV Voo4v av s, (10)
=< s énz ona "_ nla,+‘n2a b ;mmz.l T

13



where ®;is the internal ‘wave function of the ‘alpha particle, and
b1 a2’ and ¢,,, describe the: relative motions of the reSpect1ve par-
ticles. The interaction' potent1als between those part1c1es whichse-

~parate in'the final state, are denoted by V.. V., » V. inge The an-

: tisymmetrization operator 4 acts on the exact wave function | O
“of six nucleons. Expression (10) may be changed (see, e.g. ref./l4/)
. to '

T =<@ &

nin2

PR RS 2 VL A w

2na nla . 'n2a .

where¢ 1n 21s one solutlon of the two part1c1e Schroedmger equa-
tion with 1nteract10n V,,m In the Born approx1mat10n 0ne replaces
the exact wave function by the wave function in the entrance chan-
,nel. R

T ‘=<® ¢'n1n2¢2na l and + Vnza |4 <I>”<I>u,

¢ t1e2 7 ' (12)

where <I>,, ., ®,, describe the internal states of the tritons -.and
bersz ‘their relative motion. The interactions of the neutrons with.
the alpha particle were represented by a sum of nucleon-nucleon
interactions ' -

=2 v

PR
13
V(r'"j)‘=V( RO +bP” ‘mP"", +hP P ). 3).

. nj nj
For pract1ca1 calculations the Serber forces (w =m; b =h) were
assumed. For ¥, a square well was inserted. For @, and @, the

‘So and ’s /2 parts w1th fully symmetric Spat1a1 wave functions

.14



/16,17 e used. The 15-dimensional

"of the form‘ given in refs.
" integral (eq. (12)) was then calculated with consequent-antisymmet-
rization by a. Monte-Carlo procedure. Within the reached ‘statisti-:
cal accuracy of 5% the result of the PWBA calculation reproduced

the form of the Watson-Migdal expression (2).
4,Conc lusﬂ’i.‘o ns

The result of the present measurement for the neutron-neut-
ron scattermg length a,,= (- 15 0+1.0) fm agrees w1th the results
of other recent complete exper1ments within the l1m1ts of errors.
The p—p and n—p s1nglet scatter1ng lengths have been extractedfrom _
the reactions He(? He,p ‘He) p and *Heft,p “He) n in the same manner,
using the Watson- M1gdal approx1mat1on. The compar1son w1th the1r
known values demonstrates the possibility” of obta1n1ng accurate "
nucleon- nucleon scatter1ng parameters in a complete exper1ment

with the nuclear react1ons studied.
We are 1ndebted to Prof F. L Shap1ro and Dr LV. SlZOV for

their stimulating 1nterest and Dr. M. Drazhev for valuable adv1ce
in the handlmg of nanosecond equipment developed by h1m. We ,
w1sh to thank Drs. J Mosner and R. Grétzschel for the1r contr1-
bution to the measurements described in sec. 3.3. We acknowledge,
that prof N. A. Vlasov has pointed out the feas1b1l1ty of the
' reported experlment 1n 1965, 1ndependently‘ from one of us (B.K.).
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channe! number

H{t,n *He)n B 139 Mev
On=162.8"  @.=105" 0.440 nsec./chan. ...'..
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Fig. 2. Two- -dimensional distribution from 2#(:,» *He) n , The neut-
ron time of flight decreases along the axis of abscissa. On the

ax1s of ordmates alpha energy is plotted
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ok B(t,n*Heln - E o 139 Me¥
" 8p = 162.8° A<= 105°

o i Qpp e ~15.0 fm
1000 |-

counts per channel

-
————

t .
e - channel number
1 1 1 1 1 1 1 ]

-Fig. 3. Neutron time of f11ght d1str1but10n obtamed from two-di-
mensional picture of fig. 2 by concentratmg events around the ki-
nematic locus on the time axis, The full line represents the fit

by eqgs. (1-4). The dashed curve is the contribution of the second
terms in eq. (1). The lower scale gives the average relat1ve energy
of the two neutrons.
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i reoction ‘ ,L Ref.

L \ - —O— ' this work
3H(t . "He) 2n ——{ [9]
—O0— [s]
’H(d,’Ho)Zn _ —0— [
, | ; —o0- — (6]
H(n,p)2n r —— — (5]
- O— ! [19]
Him; y)2n —O———— [4]
B . 2 ~oon (m)

Fig, 4. Comparlson with recent measurements of a,,. . The error
bars represent standard dev1at10ns quoted by the authors.
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Fig. 5. Pulse height distribution of protons from the reaction

3He(3He,p 4He) p . The full line represents the fit by eqs. (6-8)
“folded according to eq. (4). The dashed curve is the contribution
of the secons term in eq. (6). ’
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Fig. 6. Pulse height distribution of protons from the reaction
He(t,p*He )n . The full line represents the fit by eq. { 3). The
dashed curve is the contribution of the triplet term.



