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ABSTRACT 

''. 
,~ It is proposed that the fast deuterons ob'served among the products of high 

energy nuclear reactions are to be understood in terms of a "pickup" or sudden 

rearrangement processo A theoretical treatment of such a process is given which 

suffices to interpret presently existing data o Further experiments are proposed to 

test the hypothesis critically, and a possible application of this type of exper-

iment to the determination of nuclear wave functions is pointed outo 
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THE PRODUCTION OF FAST DEUTERONS IN HIGH ENERGY NUCLEAR REACTIONS. 

Go F .. Chew and :Me La Goldberger** 

Ie Introduction 

Proportional counter experiments by Yorkl and cloud chamber measurements by 

Brueckner and Powel1 2 have revealed a substantial number of fast deuterons among 

the reaction products from nuclear bombardments by 90 Mev neutrons_o 
o 

AnaJA.gous ex-

periments with high energy protons seem to be giving similar results .. 3 Since the 

energy of these deuterons is of the same order as the incident neutron energy and 

since they are strongly peaked i'o rward in angular distributions they cannot be the 

result of an evaporation which follows the formation of a compound nucleus o They 

might be understood~ instead~ on the basis of a sudden rearrangement, in which a 

proton is transferred from the target nucleus to the passing neutron. This process 

would be almost the .inverse of deuteron strippings which Serber4 and Peaslee5 have 

discussed .. 

In this paper~ a calculation of the high energy "pickup" cross section is made 

in Born approximation o This neglects all processes involving more than the inci- I 

dent nucleon and the partner with which it is to join. It is a reasonable proced~ 

ure for light nuclei ll which are relatively transparent to neutrons and protons with 

energies of the order of 100 Mev.. It is hoped that any opacity may lower the over-

all probability of the process 11'lithout seriou,sly changing the energy and angular 

dependence. Experimental data will be cited to support this point of viewo The 

Born approximation~ of course 3 can also fail badly in describIng the elementary 

neutron-proton interaction" even at high energies .. 6 We attempt to remedy this 

situation by separating the elementary matrix element from the rest of the ca1-

culation and making sure that this matrix element is consistent with-the known 

*Originally reported at the February" 1949 meeting of the Am. Physo Soc o 

at Berkeleyo ' . 
**Now at the Massachusetts Insti tuteof Technology ~ Cambridge" Massachusetts. 
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facts about high energy neutron-proton scatteringo The separation will become clear 

in Section II as the calculation is performed o 

) 
It should be pointed out that the pickup process must not be thought ?f as 

taking place within the nucleus, following a real collisj!iion of the neutron and 

proton. The period of the deuteron is considerably longer than the time required 

for a 100 Mev' neutron or proton to cross the nucleus, and the "radius" of the deu-

teron is as large as the.mean separation of the constituents of a heavier nucleus o 

The "scattering~' is virtual and.··does not obey the energy-moment\lIIl. requirements of· 

a free neutron-proton collision o '!'he part of the wave function corresponding to 

the outgoing deuteron doe,S not materialize as such until long after the nuclear 

event" 

II" Derivation of the Cross Section For.mula 

It is necessary to estimate the value of a matrix element which connects an 

initial state consisting of an incoming free neutron, nucleus in state 'J:' . l) .to a 
1. , 

final state consisting of a free deuteron, nucleus in sta te 'l' f" In first approx-

imation, we need consider only the interaction between the neutron and that proton 

with which it is to joino Let us designate this interaction by V (r , ?) where 
..... n p . 

~and ~ are the neutron and proton coordinates g respectively. The required 

matrix element is then 

~ ~ 
where k, K are the wave number vectors of the incident neutron' and center 9f mass 

o.f the outgoing deuteron, respectively, and 'I (~ - ..., ) is the internal wave func~'. 
'. . p 

tion of' the . deuteron. The cross section per proton for emission of a deuteron 

into the solid angle dn , leaving the nucleus in the state ~ f, is 

J 
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where M is the mass of a nucleon. The magnitude of K is determined by energy 

conservation: 

where Bif is the energy difference of ir;itial and final nuclear levels and BD is 
,. 

the deuteron binding energyo If the target nucleus is very light, the recoil will 

introduce an additional angular dependent term into (3). The factor of 3/4 in (2) 

represents the a priori p~obability for the neutron and proton to have parallel' 

spins. 

If the relative coordinate b ? =?n -~P' is introduced in place of~, the 

matrix element, ?{ , may be factored: 

The final deuteron momentum, tK, depends only weakly on the state f of the residual 

nucleus if the incident neutron momentum is high. We shall neglect this dependence, 

taking the oonstant value corresponding to an average Bif (Equation 3)0 The sum 

over all final nuclear states can then be performed, sinoe 

• ,-

1: represents the coordinates of all particles in the initial nucleus except the 

one proton which is picked upo The right- hand side of (5) can obviously be inter­

preted as the probability of finding the proton with the ~omentum, ~(l ~ t)b in 

the initial nucleus. Let this probabili tybe designated by NCt -1) 0 The proton 

momentum in question is, of course, just that required to lead to a deuteron of 

momentum. t.K. '\, 

The se,cond factor of (4) may be treated in two ways. To understand its 

meaning, let us first rewrite it as follows: 

'" 



,~ 
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The second factor of the integrand on the right hand ~ide of (6) is essentially the 

probability amplitude for the initial neutron-proton pair to be scattered fro1!l the 

~ ~ ~ 
relative momentum, k - K/2 D to the relative momentum, q. The first factor is the 

probability amplitude for the relative momentum ~ to be found in a deuteron" Since 

the relative momentum is unobservable, one sums over all posst ble val ues before 

squaring "t!o get the probability of deuteron formation.. Now instead of choosing a 
'.\" . 

particular ,interaction V(t·) as a starting pointp one might insert for the scattering 

matrix element in (6) 

(e 
.~ ~ 
1'-i"r 

a function of ~ and ~f which correctly represents the known triplet scattering 

cross section.. This ought to eliminate much of the error of the Born approximation 

and also the uncertainty due to not knowing the interaction vel)" Unfortunately, 

as mentioned above, the free ~eutron-proton scattering involves different pairs of 

momenta,' q and· ,it' 8 than occur in thi s problem and some kind of extrapolation has 

to be made. vc~) can be elimina-l:;ed in a different way, however, without sacrificing 

the desired property of (7);0 The second vJay leaves no ambiguity 'as to how the extra-

polation must be made" 

If we remember that V(1-) and cf(i) are connected through the Schrodinger equation 

for the ground state of the deuteron, then the left hand side of (6) may be written 

ass 

The operator can be throym back onto the exponential function, giving 

- [BD .. n2Cit..,t/2)2] (cfct)SJ ei(1-~/2):t) (8) 

and the neutron-proton interaction has been completely eliminated" Instead of 
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high Fourier components of the interaction~ Vg one now has only to guess about 

high Four-ier components of the deuteron wave functiono There need be no ,concern 

alDout the nature of the 1'oroe o ) 

(- If we etU1 choose a wave function~ f/(1)1) corresponding to a potential with hig-h 

Fourier components which actually do agree with the observed neutron~proton scatter~ng, 
( .: \.-..' I 

then ,ve-shall-be -d-oubly sure of our approximationo This- can be donel) although it 

t.urns out to be not very important o The two factors of~8)' compensate each other to 

such a large extent that the function N(i~-~) comple~eiy daninates the calculation o 

The results of this section are that the square of the matrix element, summed 

over all final states of the residual nucleus~ may be written as 

(9) 
f 

The unkown quantities are the initial momentum distribution of the proton to be 

picked Upf) the deuteron wave function~ and the appropriate average value of Bif» 

which determines the magnitude of i~ _ 
1110 Discussion of the Cross Section Formula 

The distribution of final energy levels is determined chiefly by the overlap 

of the nuclear wave function, ~ i and 'l',fo The residual nu~leus is not likely to be 

found in its ground stu tel) for even if the proton removed was the one most loosely 

boundf) the wave function of the remaining nucleons will not exactly correspond 

to the new potential which they feel o The most probable value of Bifbtherefo'res 

will be greater than the energy difference between ground states of initial and 

final nucleio This makes the effective threshold correspondingly higher than 

one would expect for an n-d reaction in which a compound nucleus is formed o An 

empirical ,average value of Bif can be obtained from the observed energy of the deu~-
. .- . 

terons~ ihere may be different values for different protons' within the initial 
./ 
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nucleus 0 This point will be discussed further in connection with specific ex-

periments o 

The ground state of the deuterons neglecting the &mall amount of d waves may 

be written 

.~ where « : ----.2D 
D h(r) is a function which is unity at the origin and vanishes 

,-1-1 • 
outside the range of the force~ and A is a normalization factoro In terms of 

the effective range 7f)'p s of the triplet neutron-proton force, A may be written 

since the definition of the effective range is 

p : 2 rdr ~ -20(r - (.-c(r _ her) )2J 

A simple assumption as t,o the form of her) is her) :: e- f3r o Then 

p: 

The best va~ue of p known a.t present is 1 0 6 x 10-13 cm~ (7) which corresponds 
, ~ 

to ,e :;: 70(0 The wave function» 

(n) . 

is very close to the form corresponding to a Yukawa potential(8) 0 It is ~own(8) 

'that the Yukt.lwa: potential with a. half ordinary half exchange character gives in 

Born approximation a satisfactory re'spresentation of high energy neutron~proton 

scattering o This is a purely fortuitous situation but is nonetheless reassuringo 
.-.. ~ - ~ 

------..:We-bel-ie:v-@--.:the,r-8.f.o,retha.tthefunction(14) may b-e-u-sed in this particular prob= 

1em with considerable confidenceo 

The Fourier transform of (14) is 
J32 - 0(2 

(15) 
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~ 
so that the product of the second and third factors of (9') depends· on K o~ly as 

[13 2 ~. ct _ "t/2)2] ~2~ Nowfo 2 corresponds ~? ,about ~O M~v, while the relative 

energies Which must be accommodated are rarely more thEin half thiso Thus the 

variation of this factor over the range of interest is weak o. It would be a con-

stant if the n-p force were of zero rangeo 

The momentum distribution of. the target pro~on" N(kp) will depend on the 

nucleus under bombardmento .The one case where it is fairly well known is when 

target nucleus is actually a deuteron o In,this case, the pickup process is s~ply 

a part of the n-d elastic scattering~ but it is distinguishable from the "collision 

part" by its forward angular distributiono In Figure 1 is shovm the anguiar dis­

tribution of recoil deuterons observed from 14 Mev incident neutronso 9 The 

pickup peak is evidentD and the width agrees with the momentum distribution (15 L 

even though 14 Mev is too Iowan energy for our calculation to applYoThis is 

perhaps confirmation that multiple processes decrease the pickUp probability without 

distorting violently the angular distributiono 

The corresponding exper~ent with 90 Mev neutrons is now being planned at the 

Radiation Laboratoryo The theoretical prediction for the forward deuteron peak 

is shown in Figure 20 This result was calculated earlier byChew8, although the 

significanc~ of the pickup process was not emphasized in the earlier paperc The 

probability of multiple effects should be quite small in this caseD so one has 

{he opportunity of quantitatively testing the pickup hypothesiso The expected 

intensity of deuterons in the forward direction is 30 mb o per unit solid angleo 

Experiments s howeverD have been ~nd presumably will be done with targets 

heavier than deuterons o It iS D therefore p necessary to have some idea of the 

momentum distribution of the protons in a complex nucleusoThe simplest estimate 

is given by assuming the nucleus.to consist of a degenerate Fe~i gas of neutrons 

and protons~ non-interacting but confined to the nuclear volumeo This suffices 
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to estirrate the total cross sectione The Fermi distribution, however~ inevitably 

predicts a' peculiar angular distribution~ due to its sharp upper limit .. For 

example~ if this limit corresponded to 25 Mev, there could be no pickup deuterons 

at angles greater than 22
0 

for 90 Mev incident neutrons.. Below this limit the 

angular dependence would be ~eak, coming entirely from the second and third fac-

tors of (9)0 Such a. square distribution has not been' observed .. 

1n the absence of supplementary information, such as one has about the deuteron. 

we believe the most reasonable procedure .is to read the existing proton momentum 

distribution out of the observed deuteron angular distributiono This same distri­

bution should then suffice, with formula (2L to predi"ct the dep.endence of the pick~ 

up cross section on the energy of the incident neutron.. The latter measurement 

would constitute a second critical test of the pickup hypothesis and our treatment 

of ito 

If these tests are passed~ one would have a direct method of -deter:nining nuclear 

wave functions.. In especially simple cases where there are only one or two neutrons 

or protons present so that only the first level is occupiedD the energy or angular 

dependence of the pickup cross section would give directly the,Fourier analysis of 
. . ,\ 

.that state.. These experiments must be done with monoenergetic projectiles~ of 

courses so that the role of proton and neutron in all that has been said should" 

prpbably be reversed .. 
I 

One nucleus may be accessible even to fairly low energy measurements.. This is 

Be 9" If there is any truth to the alpha particle model for light nuclei~ it sh6uid 

be' possi ble to pick up the odd neutron from Be 9 and still not excite the residual 

8 
Be by more than one or two Mev.. .The ;pickup deuterons should therefore be produced 

by any accelerator which can reach a proton energy of 3 or 4 Mev. The Born approx­

imation is not valid at low energies but the excitation function and angulardistri-. 
bution of these deuterons is still of interesto Be9 should produce two distinct 
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groups of pickup deuterons when bombarded by protons of an energy greater than 30 
( I. 

or 40 Mev ssince the four tightly bound neutrons can now be picked up 0 Again using, 

the alpha particle model, as a guide" we expect a Bif of somewhat greater than 21 Mev 

for this second groups since this is the binding energy difference be,tween He3 and. 

He 4
0 

~v 0 Comparison with Existing <Experiments 

The most complete experimental data which is at present available is that of 

1 
Yorko He. employed the neutron beam produced by deuteron stripping in the l84~inch 

10 cyclotrono These neutrons are not monoenergetic, their spectrum being shown in 

Figure 3 s as measured in the neutr~n-proton scattering experiments 011 

Most of York' s results were obtained with a carbon targetJ) for which he measured 

both the energy and the angular distribution of the fast deuteronso Since the depend-

enc~ of the process on neutron energy has only been observed in a very crude way 

-
in this experiment" and since carbon is not very transparentJ) we cannot claim that, 

. 
the piCKUp hyPothesis has been verifiedo· The most that one can do is to show,that 

with reasonable assumptions about the carbon nucleus, York's results can be under-

stoodo 

One of the most striking observations made in the C12 (ng d) (Btt)· experiment 

wa.s that the spread of possible final states in Btt is small o Both York and 

Brueckner and Powell found that t.he high energy end of the forward deuteron distri-

bution gave a close reproduction of the inciden~.rneutron spectrumo It is possible 

to assumeD therefore" that only one distinct proton in the carbon is contributings 

and that a single vaue of Bif is sufficient o This simplifies the problem enormouslYa 

since one can: then identify the energy of a neutron by the energy of the deuteron 

which it produces o It is merely necessary to add 25 Mev. the difference in position 

of the deuteron and neutron peakso (See Figures 3 and 50) According to the alpha= 

particle model Qf carbonD all six protons have the same momentum distributions so 
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the experimental result is perhaps not suprisingo 

Let us begin the analysis by determining the initial proton momentum distri= 

bution N(l),) from the angular distribution of 60-65 Mev deuterons,!) those at the 

peako A reasonable fit over the relevant ranges shown in Figure 41/' is obtained 

with 

, . 

where ~ :: If? ~ ltD and o(p ~ 40(,0 . ~p~. = o(p 2 corresponds to a proton energy of 

1 /. , '~tI '(;"l'l ;" 

~8_ M8,VoJ: , '. J '. " 
l:).~ . .. 

Having N(kp ) D the problem is completely determined except for the overall 

normalizationo A carbon nucleus stops two-thirds of the 90 Mev neutrons entering 

it» so we must expect a sizeable attenuation coefficient o Choosing a value of 076 

for the effegtive number of protons g and using the neutron spectrum of Figure 3D one 

calculates the energy and angular distribution of deuterons shown in Figure 50 

The agreement with experiment is satisfactory except for a group of low energy 

deuterons whose relative number increases with angle o These could easily be of a 
. . 

secondalJT origin,!) io·e o the result. of interactions between three or more particles o 

A typical process of this types which s~ems fairly likely» is for a fast protoll;).;tp 

l$I produced in an exch~nge collision .~!?-d then to pick) up a neutron from the same· 

nucleus 0 Since the incident neutron will not have lost all its energy in the initial 

collision,!) the emerging deuteron will have a smaller momentum than those consideTed 

i1\ this paper. Stich· secondary deuterons should be smaller in number than the fast 

protons observed in the same bombardment and be less peaked in angular distributiono 

The data is inadequate at present to check such factso Practically all of Yorkvs 

450 deuterons could be secondary, and we may have sEriously overestimated the high 

momentum components of the proton wave function in attempting to fit at this angleo 

It should be emphasized that the agreement between theory and experiment did 



UCRL 364 

. -13-

not follow automatically from oUr choice of N(kp)o It is true that ·we·-forced the 
r; ,': 

heights of the deuteron peaks at various angles':to come out righto However,!) the 

shapes of the peaks,!) whose breadths iEcrease with angle, could not be adjusted o 

They followed directly from the independently determined N(k )0 
, P 

It is evident, nevertheless,!) that a really convincing experiment must· be done 

with a monochromatic beam, which me~ns protons o The relatively well~defined energy 

of the primary pickup deuterons should then distinguish them from secondary particles 

of a more complicated origino The energy and angular dependence should also be 

tested in a differential rather than in an integral- manriero 

Two last experimental facts are worthy of mention o One is that bombardments 

of oopper and lead targets show that the number of fast deuterons increases with 

atomic number less rap idly than the number of fast protons o This may be an indication 

that the pickup process is more confined to the surface of the nucleus than is a 

knock=out process o The second fact is tha:t fast tritons have also been observed 

wi. th perhaps 1/10 the probability of deuterons 0 If the pickup hypothesis is correct" 
. }:: .:.;~.,L I 

Qne~expects more complicated rearrangements, also to occur, but of course less ofteno 
, 

The authors wish to thank Professors Serber and Wick for helpful theoretical 

discussions o We a.re also grateful to Ho York and Ko Brueckner for their aid in 

interpretin~ the experiments 0 Work described in this report was performed under 

the a.uspices of the Atomic Energy Commission o 

/ 
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Figure 1 

Recoil deuterons from 14 Mev neutrons 0 Solid curve represents 

measurement of Coon. Taschek, and Forbes o Dotted curve follows 

from momentum distribution. (11), nonnalized arbitrarilyo 
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FigUre 2 

Pickup deuterons theoretically expected in the elastic 

scattering of 90 Mev neutrons bydeuteronso 
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Figure 3 

The neutron spectrum obtained by stripping 190 Mev deuterons 

with a half-inch beryllium target in the 184-inch cyclotrono 
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Figure 4 

Assumed distribution of proton momenta in C12• normalized 

to unity at theorigino The four points are based on York's 

measurement of the deuteron intensity at QO. 12°. 25°. 450~ 
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Figure 5 

Fast deuterons ejected from carbon at various angles by 
, 

the stripped neutrons. Blocks represent the results of 

Yorko Solid curves are theoretical. 
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