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Neutro~l.t-Neutron Scattering Length from a Comparison of 

the ~(p,n)2p and 2H(n,p)2n Reactions* 

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

Abstract: 2 
A study of the reaction H(p ,n)2p is reported which re-

1 resolves the discrepancy among the values of the So n-n scattering 

length extracted by three different groups from the mirror reaction 

2H(n,p)2n. The value an = -16.7 ~:~ fm obtained is now consist

ent with results from the 2H(7T-,2n)-y and 3H(d,3He )2n reactions. 

Studies of the differential energy spectra of the reaction 2H(n,p)2n 

near 14 MeV (laboratory energy) have. yielded values for the Iso neutron

neutron scattering length which display a considerable spread: 

-21.7 ±l fm,l -23.6 ~.o fm 2 and -14 ± 3 fm,3 a n = . -1.6 ' 

where the assigned error in Ref. 1 was due only to statistics. References 1 

and 3 used similar analyses appropriate to a long-range process that results 

4 from the large spatial extension of the deuteron. Thus, the disagreement be-

tween those two results is unexplained, and its clarification is important to 

the validity of i3he a ssumption of charge symmetry in the nucleon-nucleon inter-

action. 5 Voitovetskii et a1. 2 used a formalism based on FeyTIman diagrams. 

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

of the watson-Migda16 , 7 treatment which is,however, more appropriate for a 

short-range proc,ess. It has been pointed out that an analysis based on either 

~""~" 
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4· 8 the long-range assumption or on a more rigorous three-body theory would give 

a smaller value of a. Figure la shows that the three sets of data are self
n 

consistent within the experimental errors, statistical uncertainties, and 

differences in resolution. Thus, the different values obtained for a n re-

suIt from differences among the analyses employed. An experimental test of 

the theoretical formulations is clearly desirable. 

In contrast," a study9 of the reaction 3H(d,3He )2n near 32 and 40 MeV 

ha s provided a value 

a = -16.1 ± 1.Ofm 
n 

The validity of the Watson-Migdal theory employed in this work was verified 

through analysis of data' .from.:the mirror reaction 3He (d,t )2p. The deduced 

proton-proton scattering length agreed with the value known from low-energy 

p:-p scattering. 

Similarly, study of thet'eaction 2H(p,n)2p can provide a test of the 

theory used in the analysis of data from the reaction 2H(n,p)2n. Spectra at 

30 and 50 MeV10 fro~ 2H(p ,n)2p obtained with 1.4 and 2.0 MeV resolution re

spectively have been .fitted quite well with the impuls~-approximation of 

'4 
R. J. N. Phillips,although the relatively poor ~esolution reduced the'sen8i-

tivityof the fits to variations of the scattering length. Data have also . 

. . . 11· . 12 
been obtained at 14.1 MeV and. at 8.9 MeV, . and thEiY are in qualitative 

agreement with the impulse approximation prediction. 
. 2' .' .' 
We have. studied the H(p,n)2p reaction near 20 MeV laboratory energy, 

using protons from the Berkeley 88-inch variable ':'energy cyclotron. The target 

was gaseous deuterium, 99.g%pure, at one atmosphere pressure, enclosed in a 

o· 
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cell with 13 mg/cm2 aluminum entrance and exit windows. The neutron detection 

was accomplished with a proton-recoil spectrometer. 13 The overall resolution 

14 14 of the system, as determined empirically with the reaction N(p,n) 0, was 

600keV in the relevant high energy region of the spectrum. Spectra were 

, measured between 50 and 12 0 in the laboratory. They showed a small anisotropy 

of the neutron peak, in agreement with other experiments. 14 Figure 2a and 2b 

show the high energy region of the spectra obtained at 50 and 8 0 in the 

laboratory. 

The differential energy spectrum can be written as 

4] Tif 
sp1.ns 

2 
p (1) 

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

states, and V. 1. is the velocity of the projectile. 

In general, 
t ' 

Tif = J~fVTid~, where V is the interaction causing 

the transition. In a reaction of the form 

A+B~ X+2N 

the final-state interaction of the two~nuc1eon pair (2N) in a IS state of low 

relative energy results in a peak at the high energy end of the spectrum of 

particle X. Restricting our discussion to that region of the spectrum, and 

assuming that there the effect of the interaction between X and N is 

,j negligible, one can factor the wave function ~f = ~2N¢R~X' where ¢R 

deSC:l'i'Des the relative motion between X and the 2N system. For r ~ b, where 

b is the radius at which the internal and external wave functions are 

matcbed .• 
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- . 0 
':¥2n = e 1. (sin kr + '6)/kr_ 

and 

io' ' 
= e [F (kr) cos 0 + G (kr) 

0, ' 0 
sin oJ/kr 

where k 
1 

is the relative N-N momentum in units of n , '6 .is the So phase 

;shift, and F (kr) and G (kr) are the regular and irregular Coulomb S-wave o 0 

functions. Thus, we have 

with 

-i5 . 
5 j(fn¢R'¥X/ V'fid-r' Tif 

e Sln 
= k 

-i5 . e, Sln 6 g (e ,k)-
k n ' 

-i'6 . 
5 f (fp¢R'¥X) t Tif 

e Sln V,¥.d-r == kC - l" 

-i5 . 
6 e Sln g(e;k) == kC P 

f(k,r) == (si~ kr cot '6 + cos kr)/r n 
0 

= f (k,r) n 

f (k,r) == C[F (kr) cot 6 + G (kr) ]/r p 0 0 
, 0 = f (k,r) 

p 

for nn (2a), 

'for pp (2b) , 

r>b 

r < b 

r>b 

" 
r < b 

where Tj == e2; (nv), v is the p-p relative velocity , 

and 8 is the c.m. angle of particle X. Equations (2) reduce to the Watson-

.Migdal short-range approximation and to the long-range impulse approximation 

under the appropriate assumptions. 

• 
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For r < b and for the small values of k which are important here, 

'fI2n and 'fI2p are equal to within a few percent15 and,·· in any case, contribute 

little to g and g because of the small overlap with the deuteron wave . n . p 

function contained in the initial state, 'fl.. Also, it can be seen16 that f 
l n 

and f have a remarkably similar energy dependence in the important range of 
p 

. values of kr. Consequently, for mirror reactions at equivalent center of mass 

energies, we assume that 

g (8,k) ~ Con~t. g (e,k) 
n p 

(3) 

IK_12 An experimental determination of _p thus provides a 

used in the analysis of nn final-state spectra. The important point is that 

this obviates the need for a direct calculation of gn via (2a). Therefore, 

the necessary approximations and uncertainties of such a calculation are 

eliminated. As an example, Fig. lc shows a verification of (3) in the context 

of the calculation of Phillips.4· 

2 We have compared our H(p,n)2p spectra with those calculated from (1) 

and (2b), using the 18 effective range expansion for 5, wi th the known 

scattering length, a = -7.7 fill, and effective range, r 
p . e 

provides an experimental determination of Ig 12. With 
p 

17 = 2.63 fill. This 

Ig
n 

12 given by (3),18 

a comparable analysis was made of the statistically best nn final-state data.
2 

Figure lb shows the resulting best fit calculation, with 

= -16.7 +2.6 fill 
-3·0 

The probable errors were determined from a X
2 

criterion with a fixed 

. (optimum) value for the spectrmn endpoint· energy. 
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a deduced in our analysis oi'these .?J;t(p ,n)2p and' 
n 

·.2H(n,p )2n data is. consist~ntw:l~th .the values '8. .~\ -16.·4 ±·1.3 fIn. and a" == 
. . .... .·......· .. n . '., ···n 

-16.1 ±l fin determined respeQt1velY f:romthe 2H.(n-,2n},,19and 3H(d,3He )2n9 
. " . . . . " '. . ... 

reactions • 
. ," 

. ' Weare gr{:lteful to A.' D. Bacher for his :contl"fbutions t.otneexperi

ment and for a critical reacling of this manuscript ,to W. l!'. Tivol for his' 

help in taking .data, and to, th~ 8S-inch cyclotron s~aff for· their 'veryeffi-

cient·assistance. 

.' I, 

"j 

* This work was .performed under the auspices of the U.s. Atomic Energy Commission. , 

':'t", • 
.. ~,\.t 

, :~:. ~.' 
'Of 



-7- UCRL-18148 

References 

M. Cerineo, K. I1akovac, I. ~laus, P. Toma¥, and V. Valkovi6, Phys. Rev. 

v 
133, B948 (1964); 10 Slaus, Rev. Mod. Phys. 39, 575 (1967); w. T. H. 

v 
van Oers and I. Slaus, Phys. Rev. 160, 853 (1967) . 

. 2. V. Ie Voitovetskii, 10 L. Korsunskii, and Yu. F. Pazhin, Phys. Letters 

10,109 (1964) and Nue1. Phys. 69, 513 (1965). 

3. E. Bar-Avraham, R. Fox, Y. Porath, G. Adam, and G. Frieder, Nuc1. Phys. 

B1, 49 (1967). A. 2H(n,2n)~ neutron-coincidence spectrum, which yields a 

value an = -18.8 ~ii:9 fm, has been reported by R. Honecker and H. 

Grassler, Nuc1. Phys. AJ..07, 81 (1968). 

4. R. J. N. Phillips, Nucl. Phys. 53, 650 (1964). 

5. L. Heller, P. Signell, and N. R. Yoder, Phys. Rev. Letters 13, 577 (1964); 

E. M. Henley, Proc. of the Conf. on Isobaric Spin in Nuclear Physics. Ed. 

by J. D. Fox and D. Robson, Academic Press, New York 1966, p. 3. 

6. K. M. Watson, Phys. Rev. 88, 1162 (1952). 

7. A. B. Migdal, Zh. Eksperim. i Teor. Fiz 28, 3 (1955) [Translation: Soviet 

Phys. - JETP 1:, 2" (1955) J. 

8. R. Aaron and R. D. Amado, Phys. Rev. 150, 857 (1966). 

9. E. Baumgartner, H. E. Conzett, E. Shield, and R.J. Slobodrian, Phys. Rev. 

Letters 16, 105 (1966). 

10. C. J. Batty, R. S. Gilmore, and G. H. Stafford, Phys. Letters 16,137 (1965). 

11. J. D. Anderson, C. Wong, J. W. McClure, and B. A. Pohl, Phys. Rev. Letters 

, ~, 66 (1965). 

12 •. M .. P. Nakada, J. D. Anderson, C. C. Gardner, J. McClure, and C. Wong, 

Phys. Rev. 110, 594 (1958). 

13. R. J. Slobodrian, H. Bichsel, J. S. C. McKee, and W. F'. Tivol, Phys. Rev. 

Letters 19, 595 (1967). 



-8- UCRL-18148 

14. V. K. Voitovetskii, I. L. Korsunskii, and Yu. F. Pazhin, Nucl. Phys. 69, 

531 (1965); K. Debertin, K. Hoffmann, and E. RossIe, Nucl. Phys. 81, 220 

(1960). 

15· 

16. 

17· 

H. A. Bethe, Phys. Rev. 76, 38 (1949). 

This point will be demonstrated in more detail in a later paper; but, for 

example, as k-+ 0, f 
n -.(a )-1 -1 ()-1-1 = + rand f = ~ a· + r for r > b. 

n p p -

R. J. Slobodrian, Nuovo Cimento, 40, 443 (1965). These values do not 

contain the vacuUm polarization correction and, thus, represent the 

experimental data more accurately. 

18.. Since our data were taken at 20 MeV, we have determined from the 

2H(p ,n)2p data of Ref. 11 at 14 MeV thatl~ 12 has the same dependence 

on k at these two incident proton energies. 

19. R. P. Haddock, R. M. Salter, Jr., ,M. Zeller, J. B. Czirr, and D. R. 

Nygren, Phys. Rev. Letters 14, 318 (1965). 

r 

, 



, 

/ 

-9- UCRL-18148 

Figure Captions 

Fig. lao 
2 Experimental spectra of the reaction H(n,p)2n near 14 MeV. Tri-

angles correspond to Ref. 1, circles to Ref. 2, and squares to Ref. 3. 

The data of Refs. 1 and 3 were energy shifted to superimpose them properly 

on the data of Ref. 2, for comparison purposes. 

Fig. lb. The dots are the 2H(n,p)2n data of Ref. 2 corrected with the form 

factor Ig(e,k) 12 obtained from the mirror reaction 2H(p,n)2p. The solid 
n 

line is a plot of the best fit with a = -16.7 fmc The dashed line is a 
n 

plot of the form factor Ig (e,k) ,2 as a function of the energy of the third 
n 

particle (proton). 

Fig. lc. Form factors from the calculation of Ref. 4 are indicated with solid 

lines, the dashed line is the ratio \g \2/lg 12. The dash-dot line is the 
. p n 

phenomenological form factor deduced from th~ 2H(p,n)2p reaction. 

Fig. 2. Data from the reaction 2H(p,n)2p at 19.7 MeV obtained in the present 

experiment, and at 14.1 MeV taken from Ref. 11. Dashed lines are Watson-

Migdal curves calculated with a = -7.7 fm. Solid lines are watson-Migdal 
p . 

curves with ap = -13.3 ~ which show that the data can be si~ulated. with a 

large value of a . Curves are normalized to the same area p 

Fig. 2a. Data at 19·7 MeV and 5° lab. 

Fig. 2b. Data at 19.7 MeV and 8 ° lab. 

. Fig. 2c. Data at 14.1 MeV from Ref. 11, at 3° lab. The resolution at the 

high energy region of the spectrum is approximately 1 MeV. 
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