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reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



‘4

Submitted to Physical Review Letters UCRL-18148

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

.AEC Contract No. W-7405-eng-48

NEUTRON-NEUTRON SCATTERING LENGTH FROM A COMPARISON
OF 2H(p, n)2p AND %H(n, p)2n REACTIONS

R. J. Slobodrian, H. E. Conzett, and F. G. Resmini

April 1968



Py

Ly

e Nm——

C-l- UCRL-18148

Neutroa-Neutron Scattering Length from a Comparison of
: *
the 2H(p,n)2p and 2H(n,p)2n Reactions

R. J. Slobodrian, H. E. Conzett, and F. G. Resmini

Abstract: A study of the reaction 2H(p,n)Ep is reported which re-
" resolves the discrepancy among the values of the lSO n-n scattering

length extracted by three different groups from the mirror reaction
+2.6
-3.0
ent with results from the 2H(ﬂ-,2n)y and 3H(d,B,He)En reactions.

2H(n,p)Qn. The value a_ = -16.7 fm obtained is now consist-

Studies of the differential energy spectra of the reaction H(n,p)En
near 14 MeV (laboratory energy) have yielded values for the lSO neutron-
neutron scattering length which display a considerable spread:

a, = -21.7 1 fm,l -23.6 fifg fm_,2 and -1 * 3 fm,5_
where the assigned error in Ref. 1 was due only to statistics.. References 1

and 3 used S1m11ar analyses approprlate to a long-range process that results

from the large spatlal extension of the deuteron.u Thus, the dlsagreement be-

tween those two_results is unexplalned, and its clarificatidn is important to .

the Validity of the assumption of charge symmetry in the nucleon-nucleon inter-
>

action. Voitovetskii et al.2 used a formalism based on Feynman diagrams.

The result near the high energy end of the proton spectrum is similar to that
6.1 . .

of the Wthon—Mlgual treatment which is,however, more appropriate for a

uhort—range process. It has been p01nted out that an ana1y51s based on elther
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the long-range assumptlon21L or on a more rlgorous three-body theory8 would give
a smaller value of a - Figure la shows that the three sets of data are self-
cons1stent within the experlmental errors, statlstical uncertalntles, and
- dlfferences in resolutlon.v Thus, the different values obtained for a, re-
sult from'differences among'the analyses employed. An experlmental test of
- the theoretical formulationsbis clearly desirable; : _
‘In contrast, a study9 of the reactlon 5H(d 3He)2n near %2 and hO MeV
'has prov1ded a value
a - -16,1'i,1.o:fm
.The’validity of thedwatson-Migdal theorv employed ihvthis worhvwas'verified .
ﬁhrouéh:analysis or'data\from;the mirror reactiOn'jHe(d;t)Qp. The'deduced
;'proton-proton scatterlng'lengfh?agreed with thevvalue khown-from‘lowaeheréy
{p scatterlng. | | _ | | _ | o -
Similarly, study of the reactlon H(p,n)2p can prov1de a test of the
.Iitheory used in the analy51s of data from the reactlon H(n,p)2n. Spectra at
‘_ 30 and 50 MeV’ from H(p,n)zp obtained with 1.4 and 2.0 MeV resolutlon re-
ispectlvely have been fltted qulte well with the 1mpulse-approx1matlon of N
R. J._Ng Phllllps,u although the relatlvely poor resolutlon reduced the sensl—
vtivltyjof the firs to varlatlons-of‘the scatterlng length. Data-have;also,
‘:béeﬁ obfaihed'atAlh 1 MeVll and. at 8;9:MeV,. and they are in qualltatlve
;agreement with the 1mpulse approx1matlon predlctlon. ‘, :
We have. studled the H(p,n)2p reaction near 20 MeV laboratory energv,
__using'protons from the Berkeley 88-inch varlable-'energy_cyclofcron° The_targetv

was'gaseous'deuterium, 99.9% pure, at one atmosphere pressure, enclosed in a
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cell with 13 mg/cm2 aluminum entrance and exit windows. The neutron detection

15

was accomplished with a proton-recoil spectrometer. The overall resolution

" of the system, as determined empirically with the reaction lLLN(p,n)JY“LFO, was

6QO.keV in the rele?ant high energy region of the spectrum. Spectra were

'measured between 5° and 12° in the laboratory. They showed a small anisotropy

of the neutron peak, in agreement with other experimen’cs.lLF Figure 2a and 2b
show the high energy region of the spectra obtained at 5° and 8° in the

laboratory.

The differential energy spectrum can be written as

Z
V
l

o
Q

e | (1)

=
%
awlﬁ

where Tif is the transition matrix element, p 1is the density of final

. states, and vy "is the velocity of the projectile.

In general, Tif = j.YfVYidT, where V 1is the interaction causing

the transition. In a reaction ofvthe form

A+ B - X + 2N

the'final;state interaction of the_twanucleon pair (2N) in a g state,of:ldw
Ifelative energy results in a'péak at the high energy end of the spectrum of
particle X. Restficting ouf discussion to.that region of the-spectrum,‘and :
aésuming that there the effect of the interéction beﬁween X and N is |

negllglble, one can factor the wave fUnctlon Y where ¢R

= ? N¢R X’ _
describes the relatlve motion between X and the 2N system. For r > b, where
b is-the radius at which the internal and external wave functions are

matched,
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2]
1

id
R s + .
oy = © (sin kr + 8)/kr
and .

18 , . L
Yep = e "[F_(kr) cos &+ Go(kr) sin 8)/kr ,

. where K -is the relative'NéN momentum in units of % , & is the lSO phase
_SShift,:and_ Fo(kr) and Go(kr) are the regular and irregular Coulomb S-wave

functions. Thus, we have

et éin & ji' f o :
% _(fn¢RYX) V¥, dr -

=
1}

if T Tk
é_16s1n 3, for pm - (2a)
T, = Sln ¢ __sin ® ./tf ¢ ) VQ dt
it oL . ‘
Tor pp .v _v , (25)‘
e o%in 5 - o
=R gl')(?;k)v v
with
fn(k,r)‘= (sin kr cot & + cos kr)/r  ', S r z?b
' = f£20k,r) ., r<b

£ (k,r) = OIF (k) cot 6+ G (kr))/r , ¥ 2D

1

IA
o

o _ ' :
fp(k,r_) L o T

where_ Cg'= Eﬂn/(exp em-1), 1 = ee/‘hv v is the pép relative veloéity,
~end & is the c.m. angle of partlcle X Equations (2) reduce to the Watson-..~.:
,Mlgdal short-range approx1mation and to the long- range 1mpulse approx1mat10n

_under theyapprOprlate.assumptlons.
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For r <b and for the small values of k which are important here,

Y. and ¥, are equal to within a few percent15

2n 2p v
little to g, and gp because of the small overlap with the deuteron wave

and,-in any case, contribute

- function contained in the initial state, Yi. Also, it can be seen16 that fn
and fp have a remarkably similar energy dependence in the important range of
- values of kr. Consequently, for mirror reactions.at equivalent center of mass

energies, we assume that
g,(8,k) = Const. g (6,k) , (3

An’éxperimental determination of v]gple thus provides a. Ign|2 which can be
used in the analysis of nn final-state spectra. The important point isvthat
this obviates the need for a direct-cal;ulation of g via (2a). Therefore,
the necessary approximations and uncertainties of such‘a calculation aré
eliminated. As an example, Fig. lc shows a verificatioh of (3) in the context
- of the calculation of Phillips.h'

We have compared our 2H(p,n)2p spectravﬁith ﬁhose:calculated from (1)
and (Qb); using the lS effective range expansion for B, with the known_

17

. scattering length, ap = -7.7 fm, and effective range, r, = 2.63 fm. This

: : , 2 , 18
provides an experimental determination of lgpl . With ]gn]2 given by (3),
a comparable analysis was made of the statistically best nn final-state‘data.2

Figure 1b shows ﬁhe resulting best fit calculation, with

a_ = -16.7

n

3

2.6
3.0 T -

g ' . R i e
The probable errors were determined from a° X-  criterion with a fixed

:(optimum) value for the‘spectrunlendpoint'energy.
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A ',:The value of a deduced in our analysis of these H(p,n)?p and
: H(n,p)2n daba is. conslstent wi#h the values Zgn =w-l6 h i-l;ﬁ fm,end .enf=’ﬂA,
'V-16-l l fm determined respectivelj from the H(ﬂ 2n) and 3H(d,§ﬁe)2n

- reactions.-

We are grateful to A, D Bachcr for his contributions to the experi-f.f
" ment and for a cr;tical reading of tbis manuscript to W . Tivol for his

-'heln in taklng data and to. the 88 1nch cyclotron staff for their very effi-,,

i cient”assiotdnce,.

‘This work was performed under the auspices of the U.S. Atomic Energy Commission.
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Figure Captions
la. .Experimental spectra of the reaction 2H(n,p)2n near 14 MeV. Tri-
angles corregpond to Ref. 1, circles to Ref. 2, and squares to Ref. 3.

The data of Refs. l and 3 were energy shlfted to superlmpose them properly

on the data of Ref. 2 for comparlson purposes

Fig.

1b. The dots are»the H(n,p)en data of Ref. 2 corrected with the form

factor ]gn(e,k)[z obtained from the mirror reaction 2H(p,n)2p. The solid

‘line is a plot of the best fit'with a = -16.7 fm. The dashed line is a

- Fig.

Fig.

Fig.

Fig.

. Fig.

plot of the form factor [g (9 k)] as a function of the energy of fhe third
particle (proton) V | | |

ch, Form factors from the calculation .of Ref. L are indicated with solid
lines, the dashed line is the ratio lg l /e, 2. e dash-dot line is the
phenomenologlcal form factor deduced from the H(p,n)2p reactlon |

2°‘ Data from the reaction H(p,n)Ep at 19.7 MeV obtained in the present
experiment, and at 14%.1 MeV takeh from Ref. 1l. Dashed llnes are Watson-
Migdal curves’calcgla%éd with ap = =77 fm; Sqlid lines are Watson-Migdal-
curves with ap = -13.3 fm which show that the‘data can be simulated with a
largs vaiue'of ap., Cufvés'aie normalized to the sameuarea

2a. Data at i9.7»MeV and 5° lab.

2b. ‘Daté'ét 19.7 MeV and 8° lab.

2c. Dafa atvlh.l MeV from Ref. 11, at 5°-lab, Thévresolﬁtion at the

high energy region of the spectrum is approximately 1 MeV.



~Relative scale

-10-

I I
| () 4
20r i s .
: PR -
7."'.7 .
2 10fte ot : .
= ‘
o |
é- u -A. 7
0
20 7
Q0
8
a |
O
vLLJ
w
~
c\jb 1O ]
e

Relative scale

2

(Emax™ E)gp

el 1

.(MeVV)'

XBL6B83-22%9

UCRL-18148

O o



0

v_“<.

(rel. units)

5 .
(d o/dEdQ)mb

-11-

UCRL-18148




This report was prepared as an account of Government
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mission, nor any person acting on behalf of the Commission:
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implied, with respect to the accuracy, completeness,
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report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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