Lawrence Berkeley National Laboratory
Recent Work

Title
The Production of Fast Neutrons in High Energy Nuclear Reactions

Permalink
https://escholarship.org/uc/item/3xk466t4

Authors

Chew, G.F.
Goldberger, M.L.

Publication Date
1949-07-11

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3xk466t4
https://escholarship.org
http://www.cdlib.org/

UCRL_ 364
' Cy. 2

UNIVERSITY OF
CALIFORNIA

Radiation

a . )
TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.

For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '




ke

UCRL 364

t T S—-- -
b .

. UNCLASSIFIED

e UNIVERSITY OF CALIFORNIA

A o Radiation Laboratory »

Contract No, W=7405-eng-48

THE PRODUCTION OF FAST DEUTERONS

TN HIGH ENERGY NUCLEAR REACTIONS

Go Fo Chew and M. L. Goldberger

July 11,1949

Berkeley, California

Y



UCRL 364

ﬂzﬂ
ABSTRACT

It is proposed that the fast deuterons observed among the products of high
energy nuclear reactions are to be understood in terms of a "pickup" or sudden
reérrangement process., A theoretical treatment of such a précess ié given which
éuffides to interpret presently exiéting data., Further experiments are proposed to
,teét'the hypothesis critically, and a possible application of this type of ex?eri

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

Go Fo Chew and Mo Lo Gbldberger**4

I, Introduction

Proportional counter experiments by York1 aﬁd cloﬁd chamber-measurements by
Brueckner and Powe112 have revealed a substantial number of fast deuterons among
the reaction products from nuclear bombardmenté by 90 Mev heutrons} Analggous ex~
periments with high energy protons seem to be giving similar resultso3 Since the
energy of these dguterons is of the same order as the incident néutron energy and
since they are strohglylpeaked forward in angular distributionﬂrthey cannot be the
result of an evaporation which follows the formation of a compound nucléus° They
might be understocod, instead, on the basis of a sudaen'rearrangément, in which a
proton is tranéferred from the target nucleus to the passing neutron. This procesg

4

would be almost the inverse of deuteron>étripping, which Serber” and Peaslee5 have

’

"~ discussed.

In this paper, a calculation of the high energy "pickup" cross section is made
in Born approximation, This neglects all processes iﬁvolving more than the ineci=-'
dent nucleon and the partner with which it is to join. It is a reasonable proced-
ure for light nuclei, which are relatively transparent to neutrons and protons with
energies of the order of.lOO Mev,. It is hdped that any opacity may lower the over-
all probability of tﬁe process without seriously changing the energy and angular
dependence. .Experimental data will be cited to support thié point of Vié%o The

Born approximation, of course, can also fail badly in~describing the elementary

‘neutron=proton interactions even at high energieso6 Wéjattempt.to remedy this

situation by separating the elementary‘matrix element from the rest of the cal=-

culation and making sure that this matrix elemént is consistént with .the known

*Originally reported at the February, 1949 meeting of the Am. Phys, Soc,
at Berkeley, " ‘
**Now at the Massachusetts Institute of Technology, Cambridge, Massachusetts,
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facts abéut high energy neutron-proton scattering. Thé separation will become clear
in Section II as the calculation is performed.

It should be pointed out that the pickup process must not be thought of as
'ﬁaking place within the nugleus, following a real collisgion of the neutron and_
‘proton. The.period of the deuteron is considerably longer than the time requifed
‘for a‘lOOIMeV'neutron or pfoton to éross the nucleus, and the "radius" of the deu=-
teron is-as large as the mean separation of the conStituents of a héa&iér nucleus,
Tﬁe "sgattering” is virtual and-does not obey the energy-momentum requiréements of
a»frée heutfén-ﬁroton cbllision;A ?he pert of the wave function corresponding %o
the outgoing deuteron doegs noﬁ matérialize as such until long after the nuclear
event, |

I1, Derivation of the Cross\Section‘Formula

It is ﬁecessary to estim@té tbe value of a matrii'elemént which connects en
initiél state consistiﬁg of an incoming free neutron, nucleus in state g 59 to ?:
final state coﬁsisting of a frée deuteron, nucleus in state &,f o In first appProx=
i@atidn, we need coﬁsider only the_intéraction between the neutron énd that proton
With ﬁhiéh_it_is to join., Let us designate this interactiq? by V (;;, ?;) where
.?Land'F; are the neutron ana proton coordinates, respectively, Thé requi;ed |

matrix'elé@ent‘is then
. . v_ . : .’, .
H,: (ﬂ?("“‘*? g <?n- )‘Pf_,vcfil,?-’p)elwn\h (1)

S 2 3 \
where k, K are the wave number wvectors of the 1ncident neutron and center of mass
of the outgoing deuteron, respectively, and ¢ (;: - ?;) is the internal wave funce—
 tion of the3deutefon5 .The cross section per proton for emission of a deuteron

into the solid angle 6€Y , leaving the nucleus in the state ¥ p, is

2 . 2 o o
 cpQ = M Xl an ()
- ow2nt kl | : ,
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where-M is the mass of a nucleon., The magnitude of K is determined by energy

' conservation:
wm———— B - —————— - . »
o D A " Pif - (3)

where B;p is the energy difference of 1n1t1a1 and £inal nuclear levels and Bp is
the deuteron binding energyo. If the target nucleus is very 11ght the recoil w111
introduce an addltlonal anvular dependent term into (3), The factor of 5/% in (2)
represents theta priori probability for the neutron and preton to have parallel-
spiﬁs.

If the relative coordinate, P :'? - P_, is introduced in plaee of ?;, the

P
matrix element, n s may be factored'

% - (1(2-1{)0 8 \r T) (ﬁ(r) V(r)el(k-ﬁ/z) ?> (4)

The‘final deuteron momentum, HK, depends only Weekly on the state f of the residual
nucleUs.if_the ineident neut}oh momentum is high, We shall neglect this dependence,
taking the constant value corresponding %o an average B;p (Equation §)q The sum
‘over all final nuclear statesvcan then be performed, since

Z (ei(ﬁ-'l'c)).? 2‘=.‘ Sd-ﬁ lg ,l(ﬁ-'ﬁ) ?p \Y (ﬁs )d?A | (5)

£

T,

L)
r

j%.represents the coerdinaﬁesief all pafticles in the initial nucleus except tﬁe
one‘proton which is eicked up. The right hand side of (S) can obviously be intera
‘preted as the probability of flndlng the proton with the momentum,‘ﬁ(i 2), in
 the initial nucleus. Let this proba.b:.llty be designated by N(ﬁ' ). The proton
momentum in question'is, of course, Jjust that required to lead toa deuteron of
momentum'ﬁi.‘, : S
The second factor of (4) may be treated in two ways. .To underetend its

meaning, let us first rewrite it as follows:

®
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‘ ofm=
(o, v<r>el(k°?/2) ?> S-dar (P, S37) (227, vt @R/21F) (o)
(2.“.)5 o Y ; -
The second factor of the integrand on the right-hand.side of (6) is essentially the
probability émplitude for the initial neutron-proton pair %o Be scattered from the
relétive momenéum, ﬁ - Ey@ » to the relative momentuh,'g. The first factor is thé
probability amplitude for the relative momentum 3 to bé found in a deuteron, S8ince
 the reia£ive momentum is unobservable, one sums over all possible values before
" squaring thget the probability of deuterdn formation., Now instead of choosing a
particular intersction V(?) as a starting-pcint, one might insert for the scattering
_ matrix element in (é)
%) o , (7)
a function of a‘and 3' which correctly reéresenté the knowﬁ triplet scattering
cross section, This ought to eliminate much of the error of the Born epproximation
énd also the uncertainty due to not kﬁowing the interaction V(?)o _Unfortﬁnately,
és mentioned above, the free neutron-proton scattering involvesAdifferent pairs of
ﬁomenta,‘a andqa‘, than occur in this problem end some kind of extrapolation has
to be made.. V(?) can be eliminated in a different Wéy, however, without sacrificing
the desired property of (/lo The s;cogd way leaves no embiguity as to how the extra-
polatlon must be maoeo | |

If we remember that V(?) and ﬁ(?ﬁ are connected through the Schrodinger equatiqn

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

ass

L@, ?-1@3/2)3) = ( E2A, - B ), ei_.}c—ff/z}o?‘)

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

[BD P (k-i’/z) ] (;zf( ei@"?ﬂ)"?) | (;,3)

and the neutron-proton interaction has been compleﬁély eliminated, Instead of
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high Fourier components of the interaction, V, one now has only to guess about
high Fourier components of the deuteron wave function. There need be no .concern

about the nature of the forceo 3
“1f ws can choose a wave function, #(#), corresponding to a potential With high

Fourief camponen?s which actually do agree with the'observedlneﬁtronmproton scattering,
fhen wéQSRaiil%eiéﬁubly sure of 6ur approximation, This;can be done, although it -
tgrns out to be not very important, The two faqtqfs of QS)‘compensate each other to
such a_lafge extent that the function N(K—ﬁ) completely daninates the calcuiationo

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

over all final stetes of the residual nucleus, may be written as

AKREEE) {BD A et g, SER) P

The unkown quantities are the initial momentum distribution of the proton to be
picked up, the deuteron wave function, and the appropriate average value of B £

which determines the magnitude of ﬁ;_

111, ﬁiscussion of the Cross Section Formula

The distribution of final energy levels is determined chiefly by the overlap
of the nuciear‘wave'function;'fi and Yi? The residual nucleus is not likely to be

found in its ground state, for even if the proton removed was the:one most loosely

bound, the wave function of the remaining nucleons will not exdctly correspond

%o the new potential which they feel., The most probable value of'Bif, therefore,

will be greater than the energy differehce betweeﬁ ground states of initial and
final nuclei. This mekes the efféctive threshold correspondingly higher than

one would expect for an n=d reacﬁion in which a compound nucleus is formed. An
empiriegl)average value of Bif can be ocbtained fromfthe obserﬁed energy of thg deu=

Lo 1 *

terong;" Zhere may be different values for different protons within the initial
7 :
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nucleus, This point will be discussed further in connection with specific ex=

periments,

The ground state of the deuteron, neglec’cing. the small amount of d wave, may

be written . |
. w-é_ —eT . . ; i . =
gt ] . (107

¥Bp
_hZ

outside the range of the force, and A is a normalization factor, In terms of

where & = » hir) is a function which is unity at the origin and venishes

-

the effective range'?;,/o » of the triplet neutron-proton force, A may be written

‘ ) v D( ) ‘1)
=N/ 2wa- X ) - | | (11,

since the definition of the effective range is

AN

_ | | |
oz dr[e"?“r - (6™ ) )2] (1%)

o . .
A simple assumption as to the form of h(r) is h(r) = ewﬁro Then

(13)

..= 4

e
P = %8 "B
The best value of o known at present is 1.6 x 10-13 cm,(7) which corresponds

-~

to B = 7. The wave function, ) I .
o () =& (e . efé__r)/xjs o i (l/f)

is irery close to the fom corr'esponding; to a Yukawa poﬁential(s)o It is known(s)

'that the Yukaws potential with a half ordinary half? exchange charaéfer gives in

Box?n approximation a satisfactofy respresentation of high ehergy neutron-proton

scattering, This is a purely fortuitous situation but is nonetheless reassuring.

We—believe_therefore that the function (14) may be used in this particular probe-
lem with considerable confidences .

The Fourier transform of (14) is
' B2 = o2

A [0{2 v (¥ - 'ff/z){] [A2 ¢+ & - '15/2)2] - (a8)
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so that the product of the second and thlrd factors of (9) depends on K only as
[ﬁ 2 4 fﬁ '3/2)2} 20 Nowgﬁ 2 corresponds to about 50 Mev, while the relative |
energies Which must be accommodated are rarely more then half this. Thus the
variation of this factor over the range of interest isyweak,, It would be a con-
‘stant if the n-p force were of zero renge,

The momentum distribution of the target proton, N(kp) wi;l depend én the
nucleﬁs under bombardment., The one case where 1t is fairly well known is when
"target nucleus is actually a deuteron; In this case, the pickup procéss is simply
a part of the n-d elastio scattering; but it is distinguishable from the “collision
part" by its forward engular distributipn.» In Figure 1 is shown the engular dis-
tribﬁtion of recoii deuterons observed from 14 Mev incident neutronso9 The
pickup peak is evident, and the width agrees with the momentum distribuﬁion (15),
eveﬁ though 14 Mev is too iow an energy for our calculation 'bo.a.pply° This is
perhaps confirmation that'multiple processes decrease the pickup probability without
distorting violently the sngular distribution,

The corresponding experiment with 90 Mev neutrons is now being planned at thé
Radiation Laboratory. The theoretical prediction f;r the forward deuteron peak
is shown in Figure 2, This result we.s ‘caleculated earller by Chewe, although the
51gn1flcance of the pickup process was not empha31zed in the earlier paper, The
probabllxty of multlple effects should be gquite small in this case, so one has
ﬁﬁe opportunity of quentitatively testing the pickup hypothesis.. The expectedﬁ
intensity of deuterons in the forward direction is 30 mb, per unit'sblid angle,

Experimenfsg however, have been gn@ presumably will be donevwith targéts
heavier than deuterons. It is, therefore, necegsary to have some idea of the
ﬁomentum distribution of fhe protons in a‘complex nucleus. :The simplést estimate
is given by'assuming the nucleus,to‘consist of'a degeneraté Fermi gas of neutrons

and protons, non-interacting but confined to the nuclear volume. This suffices
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to estimate the total cross section, The Fermi distribution, however, inevitably
predicts a peculiar angular distribution, due to-its sharp upper limit, For
example, if this limit corfesponded to 25 Mev, there could be no pickup deuterons

at angles greater than 22? for 90 Mev‘ihqideﬁt neutrons. Below this limit the

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

tors pf (9)0 ‘Suéh a square distribution hés not been observed,

In the absence of supélementary inforﬁation, such aé‘pne has about the deutefon;
we believe the most reasonable proéedure.is to read the ekisting protoﬁ»momentuﬁ
distribution out of the observed deuteron angular aistributiono This same distri-
bution should then suffice, with formula (2), to predict the depehdence of the pick-
up cross section on the energy of the incident neutron, The latter measurement
would constitube a second critical test of the pickup hypéthesié and our treafment
of i%e. |

If these tests are passed, one would have a direct method of -determining 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 occupied, the energy or angular

. dependence of the pickup cross sécbion would give directly the Fourier analysis of
SCeE , . : b .

that state, These experiments must be done with monoenergetic projectiles, of

course, so that the role of pféton and neutron in-all fhat has been said should’:
pnpbaﬁly b?>reyersea? | /

One nucleus méy be accessible'evén to fairly low energy measurements. This is -
Bego Ir there‘is any‘truth'to the.alpha particle model for light nuclei, it should
be possible to pick up the.odd neutron from Be® and still not excite the residual

8 : _ _ 7
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 angular distri-

bution of these deuterons is still of interest, Be? should produce two distinct
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groups of pickup deuterons when bombarded by protons of an energy greater than 30

O

or 40 Mev, since the four tightly bound neutrons can now be picked up. Again using:

the alpha particle ﬁodel\as a guide, we expect a B;p of somewhat greater than 21 Mev

3

fqr'this second group, since this is the binding energy difference between He® and

He?,

IV, Comparison with Bxisting ‘Experiments

| The most complete'expefimental»&até Whiéh %é at present available is that of
. -Y-ork,1 He employed the neutron begm produced by_deuperon stripbing in the 184-inch
cyclotronolo Théée neutrons are nét monoenergetic, their spectrum being shown in
Figure 3, as measured in the neutrbnaproton scattering experimentSoll

Most of York's results were obfained with a carbbn target, for which he measured

both the energy end the angular distribution of the‘fast deuterons, Since the depend-
énce of thé process on geutroh energy has only been observed in a very crude way

in this experiment, énd since carbon is»not very transparent, ﬁe cannot clainm that

the pickKup hypothesés has been verified. . The most thét one can do is to show that
with reasonable aééumptions about the carbon nucleus, Yofk's results can be under-
Astoﬁd, | |

One of the most striking observations made in the Clz(n,d)‘(B")* experiment

was that the Spread-of possible finel states in B" is small, Both York and

Bfueckher and‘PcweliAfouhd that the ﬁigh energy end of the»fb;ward deuteron distri=
bution gave a close reproduction éf the incidenpfneutron spectrum. It is possible

to assume, therefore, that only one distinct proton in the carbon is contributing,’
and.that a single vdue of B;p is sufficient, This simplifies fhe problem enormously,
since one can then identify the energy of a néutron by the energy of the deuteron
which it produces., It is merely necessary to add 25 Mev,_thg difference in positiecn

of the deuteron and neutron peaks, (See,Figﬁres 3 and 5,.) According to the alpha-

particle model of carbon, all six protons have thevsame momentum distribution, so
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the experimental result is perhaps not‘suprisingo
. Lebt us begln the enalysis by determlnlng the initial proton momentum distri-
bution N(kp) from the anguler distribution of 60-65 Mev deuterons, those at the

peak. A reason&ble fit over the relevant renge, shown in Figure 4 is obtained

with ) .
H (k) —T—B——Md | § '
= (18) |-

PP ek ®) 1

= h P v .

where _ﬁo z®-%, and K, = 4K {k:pz. = O(pz corresponds to & proton energy of

V18’Mev%f ‘ . . - e Tanm i
~he D Tt L Lo o . ) : .- T :

Having'N(kp)D the problem is completely determined except for the overall
normalization, A carbon nucleus stops two-thirds of the 90 Mev neutrons entering
it, so we must expect a sizeable attenuation coefficient, Choosing a value of .76
for the effegtive number of protons, and using the neutron spectrum of Figure 3, one
caidulaﬁes the energy and angular distribution of deuterons shown in Fiéure.5o

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

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

. secondary origin, i.e. the result of interactions between three or more particleso

A typical process of'this type, which seems fairly 1ikéiy9 is for a fast protogsﬁp

¥p produced in an exchénge collision‘éﬁd then to pic%gup"a neutron from the same
nucleus. Since the incident neutron will not have lost all its energy in the initial
collision, the emerging deuteron will have a smallé; momentum than those consideéred
in this papero. Such’ secondary deuterons should be smaller in number than the fést.
prgtoﬁs'observed in fhe_same bombardment and be less peaked in angular distribﬁtiono
The data is inadequate at éresent to check such facts. Practically éll of York's

45° deﬁterons could be secondary, and we may h;ve seriously ovefestimated the high

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

It should be emphasized that the agreement between theory and experiment did
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not follow automatically from our choice o£ N(ké)o It ig true thaf-wevfdrced the
heights of the deuteron peeks at va:ious énglésaté éé&g out righﬁo However, the
shapes of the peaks, whose breadths increase with angle, could not be adjusted,
They followed directly from the independently deternined N‘ké)o

It is evident, nevertheless, that a really convincing experiment must- be done
with a monochromatic beam, which means_protonso>‘The relatively wéllndefined eﬁergy

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

of & more complicated origin. The energy and angular dependence shduld also be

tosted in a differential rather than in an integral. manner,
Two last experimental facts are worthy of mention, One is that bombardments

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

- atomic number less rep idly than the number of fast protons. This méy be an indication

that the pickup procesé is more confined to the surface of the nucleus than is a
knock=out process. The second fact is that fast tritons have also been oﬁserved _
w1th perhaps 1/10 the probability of deuberons, If the pickup hypothesis is correct,
pne-expects more complicated rearrangement;.also to ‘occur’9 but of course less often.
.The guthors wish to thank Professors Serber and Wick for helpful theoretical
discussions., We are also grateful to H, York and K. Brueckner for their aid in

interpreting the experiments., Work described in -this repor£ was performed under

the auspices 6f‘the Atomic Energy Commission,
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Figure 1
Recoil deuterons from 14 Mev neutrons, 8Solid curve represents
measurement of Coon, Taschek, and Forbes. Dotted curve follows

from momentum distribution (11), nomalized'arbitraf-ri'lyo
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Figure 2
Pickup deuterons theoretically expected in the elastic

scattering of 90 Mev neutrons by deuterons,
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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 cyclotron,
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Figure 4
Assumed distribution of'proton'momenta inlclz, normalized
to unity at the origin, The four points are based on York's

measurement of the deuteron intensity at 0°, 12°, 259, 45°,
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Figuré 5
Fast deuterons ejected from carbon at various angles by
the stripped neutrons. Blocks represent the results of

York., Solid cﬁrveé are theoretical,
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