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NUCLEAR EXCITATION AND RECQIL BY HIGH ENERGY PARTICLES
Si~Chang Fung

Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California

ABSTRACT

Part I. The less prdbable nucleon-capture reaction induced by high

energy particles has been investigated in order to see what is the high-

est possible energy of a nucleon to be able to stay inside the nucleus.
Excitation durves of Bizog(d,p)Bi210, B1209(a,n)PoR10, Bizog(d,3n)P0208,
Bi209(é,5n)P0206, Bizog(a,an)BiZIO,‘Bizog(a,pAn)Pozos, and Bizog(a,pén)P6206
have been determined. The cross section oir'vA127(m,a2pni)Na24 reaction with
340 Mév alpha particles has élso been determined. The experimental data
indicate that the (d,p) and (d,n) reactions on bismuth are mainly due to

the capture of a néutron or a proton in zero or negative energy state or
with a positive energy up to‘several Mev during stripping. The experimen-—
tally observed cross sections decrease with energy above 100 Mev much more

rapidly than the Peaslee's expression indicates. It seems probable that

‘the sticking probabilities.§p and,gn are decfeasing'functions of the

energy in the high energy region, The (a,2pn) reaction are likely to be
due ﬁo the formation of compound nucleus followed by evapération of one
neutron and two protons, although it can equally adequately be considered
to proceed by the absorption of a neutron in zero or negative energyvstate
or with a positive energy up to several Mev due to the relative motion

of neutrons inside the helium ion-with respect to the Qentér of mass of

that helium ion.
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- Part II. Therenergy dependence of the forward recoil loss éf Nak
produéed,in’aluminum foil by Bombardment ﬁith high eﬁergy protons,
deuterons, and helium ions’has beeﬁ thoroughly invéstigated, In low
energy regions, the recoil loss which checks reasonably weli with the
calculated values (with the assumpfion'qompéund nucleus model) increases
as the energ;iincidentnbarticle increases, vhich is consistent with com-
pound‘npcleus formation as postulated by Bohr. :The percentage of re=-
goil then passesvthrough a maximum-and»decreasgs as the enefgy of inci-
dent particlé increases, Therefore it clearly showsvthat the high
energy incident particle transfers only part of its energy to the tar-

get nucleus by making one or more collisions with nucleon or nucleons

inside as it passes through in these particular nuclear reactions.
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NUCLEAR EXCITATION AND RECOIL BY HIGH ENERGY PARTICLES
_ Si-Chang Fung
Radiation Laboratory and Department of Chemistry
University of California, Berkeley, California
NUCLEAR EXCITATION OF BISMUTH WITH HIGH ENERGY PARTICLES
~I. INTRODUCTION
Spallation and fission have long been considered in this laboratory
to be the two interesting aspects of nuclear reactions induced by the

high energy nuclear particles. It is of interest to us to investigate

the less probable nucleon-capture reactions which may throw some light

upon the dquestion of how much energy a nucleus can dissipate without

losing nucleons, Bismugh"is our favored choice as target for the inves—
tigation Qf (d,p), (d,n) and (a,2pn) feactions for the following réasonso

(1) Single isotope of mass:number 209.

(2) poR10 formed.by capture ofva proton is an alpha emitter.,
A carrier freevsample can be prepared and its activity can be fairly
acéurately determined. |

(3) Bizlo‘fofmed by neutron capture decays by P* emission into
Po?10 yith a half-life of 5,0 days. The polonium fractions; produced dur-
ing the bombardment, was separated completely from bismuth right after
the irradiation.‘ From the Po<10 grown in, we can calculate the cross
section of the Bi%09(d,p)Bi?10 reaction., |

Kelly and Segrel have determined the (d,p), (d,n), (a,2n), and (a,3n)

~ reactions on bismuth with deuteron energy up to 18,7 Mev and alpha energy

up to 38,8 Mev. The (a,2n) and (a,3n) reactions were explained as com~

pound nucleus formation and subsequent evaporation of two or three neutrons._

e



The (d,p), and (d,n) reactions, were considered to be mainly due to the
stripping processes which were treafed theoretically by Peaslee.?
Peaslee conéiders that practically the entire (d,p) cross section

‘at any bombarding energy of-deuteron‘(Ed) arise from a stripping process
_‘in which the neutron ié'captured by the nuéleus, while the proton misses
ahd-éontinﬁes on its way, and the (d,n) excitation curve is also predomi-
nantly due to the stripping pr¢cess with protor and neutror iﬁside

the deuteron interchapging their feature for Eg < 10 Mev. Furthermore
~ it is a;sumed that the stripping process can only take place if the
escapipg_nucleon carrieg away all the incident energy or,eveﬁ'more, I;av-
ing the capturé@ neutron or proton in a negative enérgy (bound) state in
the final nucleus, which can be visualized as occurring by a favorable
partitioning of internal energy of the deutefon governed by its internal
wave function. As the energy of the nucleon is measured from a zero
corresponding to the potential energy of infinite sepafation from the
nucleus, a nucleon bound in the nucleus is defined as a "negative energy"
nucleon. Finally, he predicted that the ratio of (d,p) and (d,n) cross
sections may approach the limit of gn/sp X1 as Eg increases indefinitely,
where §n andgp are the average "v'sticking probabilities" of neutrons and_)
i prétons{

f%W The purpose -of this study is to investigate the excitation functions

4

= . ) o) Co

of the (d,n)} (d,p), and (e,2pn) reactions with deuteron and helium ion
energy above 40 Mev;to see what is the highest possible energy of a. nucleon

to be able to stay inside the nucleus.,
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II, EXPFRIMENTAL
A, Preliminary Work .
In order to determine the yield of polonium quantitatively, we

have tried to separate a known amount of polonium activity from the

‘bismuth solution. 4 cérrier free polonium sample was diluted to 5 ml

with 6 N HCL in, a volumetric fldsk. Ten X of it was mounted on a plati-
num counting disgk as saﬁple 4. The remaining solution was transferred
to a 15 ml centrifuge tube. After the addition of 20 mg of bismuth,
lthe solution was evaﬁorated to almost dryness on a waﬁer bath under .

a gentle air jet across the top of the tube, The residue was dissolved

in 1 ml of concentrated HC1 and the resulting solution was again evapor-

ated a}mosf tovdryness,'AThe last step was repeated three times io de-
compose all nitrate ioh present in the solution, The residue was then
dissolved in 1,5 ml of 6 N HC1 and the resulting solution was extracted
twice with 1,5 ml of 80 percent dibutyl ether, 20 percent tributyl phos-
phafe by volume mixture (TBP). The TBP extrécts which containéd almost
all the polonium wes washed tice with 1 ml 6 J HCL %o remove bismuth

compl'etely° The polonium was then re-extracted into an aqueous layer

when the TBP layer was contacted twice with 1,5 ml 4 N HNO3, 2 E'HGI

mixed acids solution. The nitrate ion in aqueous layer was decomposed

by'succeSSive additions of concentrated HC1 and evaporation as before. -
The residue was dissolved in 6 N HC1 and the résulting solution was com-

pletely transferred to original 5 ml volumetric flask, Additional

i 6 N HC1 was added to fill the flask to the mark, Ten microliters of

it was mounted on the platinum counting disk as sample B. The remaining

cs

/



. red percent.

solution was treated with exactly the same procedure as that after the
preparation of sample &. The sample C was then prepared. The polonium
activities of these fhree samples were counted on the same alpha counter.

The average counts per minute were as follows:

Sample A 4510 + 20
Semple B -~ - 4620 % 30
. Sample C 4465 + 35

Moreover, only negligible alpha activities were found in bismuth frac-
tions, HC1l washings and the remaining TBP fractions. Therefore we can

safely consider that the yield of polconium was veéry close to one hund=

S

B. Preparation of Target

Approximately 200 mg‘of pure bismuth metal was melted on an
aluminﬁm foil of 1 inch x 1 inch in size and 0,001 inch thick, The
bismuth was evenly distributed on an area of approximately 3 square cen-
timeters, This bismuth-aluminum foil together with a same_size 0.5 mil
aluminum foil which was used as monitor to determine the beam intensity
inside the Berkeley 184-inch cyclotron, were mounted in a clamp type
target holder in the order of bismuth layer, 1 mil aluminum.foi1<and
0.5 mil aluminum foil as was seen by the beam. The edges of the rect-
angular shaped foils were cut flush with one another, so that the beam

will hit the bismuth layer and monitor in exactly the same areas.
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C. Bombardment and Determination of Beam Intensity

After therbombardmen£>(approximately 45 minutes), the foils were
cut into equal and corresponding areas. Approximately 24 hours later,
the 0,5 mil aluminum foil (monitor) was weighed and mounted on a scotch-
tape.éounting plate‘and counted every four to eight‘hours for 60 hours
on the second shelf of a Geiger-Maller counter, The activity in couﬁts
per minute was plotted against time on a three-cycle semi~log paper.
The activity of NaR4 in aluminum foil produced during bombardment was
determined by drawing a 15 hour half-life line through these points and
extrapolating to thelhid—point of the bombardment. The counting effici-
ency and geometrical. correction was determined by measuring both alpha
and beta minus activities of an equilibrium mixture of RaD, E, and F,
mounted on a platinum plate, The counting yield for alpha'particies
in the 2n geometry-chamber is considered to be 52 percent, The.ﬁ“ activi-
ty was counted on the secbnd shelf of a Geiger-Mﬁller countef; Thé
correction to zero-back-scattering was made by dividing the counts per
minute with the total back-scattering of 1eaa by 1.80, By the ﬁbove
comparison, the counting efficiency of B~ activity of the sa@ple with
zero back-scattering on the secbnd shelf of the Geiger-Mﬂller:counter
was 2.54 percent. The counting efficiency was again checked to be
2;49 percent by using McMillan's beta standard (U204) which was:téken
as sténdard in determining the ekéitétion function of 13&127(d,d2pn)11Na?4
reaction,‘ The counting efficiency pf 2.50 percent together with the
known eross section of A127(d,pa)Na249 and A127(a,a2pn)Na24 reaction at

various energies3 (see Figures 7 and 8), The cross section of

/
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A127(d,pa.)Na24 reaction is 48 millibarns with‘l94 Mev deuterons.) was '
used to determine the average intensity of the deuteron or alpha beam
during the bombardment.

The thin target formula was used for calculation:

N = INOH(AX)Gt
AX = W/dAa
P = It/A = Nd/uN, o | o (1)
where N = number éf Na24 atoms formed

Nou%”humber of atoms of A1%7 per cubic centimeter
AX = thickness of the aluminun foil
o = Ceross éection
Iy= beam intensity
t = time of bombardment
W = weight of the foil
-d = density of aluminum
A = area of the target
Siﬁce 4, t, and I are the same for bismuth.and‘aluminum, this factor
P was later used directly for_the calculation of cross sections of any

nuclear reaction on bismuth,

D, Pfoqedure for the Isolation of Polonium from Bismuth
The bismuth-sluminum foil was dissolved fight after the cﬁtting
in 4 ml of agua regia in a 40 ml centrifug?'tubeo The nitrate ion was
.completely destroyed by successive evapodration with concentrated HCI

as in the preliminary work. The final chloride residue was dissolved
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in 5 ml 6 E‘ﬁCl. The resulting éolution was extracted seﬁen fimes with

3 ml portions of TBP. The first four extracts were mixe& together as
fréction 4, the following two extracts as fraction B and the lasﬁ ex-
tract és‘fractipn C. The time for the final extraction was recorded :

as t1. Two portions of 5 ml 6 N HC1 were used in washing three fractions
of TBP extracts in the order of 4, B, C. The washings which remove all
the bismuth but no polonium from the TBP extracts were added to the origi~
nal bismuth fraction. The TBP fractions were then extracted in the ordef
of C, B, A with four pdrtions of 5ml 4 N HNOg - 2 N HC1 solution which -
remove quantitatively the polonium from TBP layers, The aqueous polonium
layer was evaporated almost to dryness and converted completely to
chlorides by‘successive evaporation with concentrated HC1l as beéfore,

The residue»was_then dissolved in 6 N HC1 and the resulting solution:

was completely transferred to 5 ml volumetric flask, Additional

6 N HCLl was added to fill the flask to the mark. Two hundred to

-sii hundred miceroliters were mounted on a platinum counting disk and

the decay of the carrier free polonium (1) sample was followed, This

polonium sample contained mainlyv9 day P0206, 2,93 year POZOS, and

210 210

138 day Po which were produced during the bombardment with some Po

210 yithin & time interval (t] - to) where to is

which grew in from Bi
the time of the middle of the bombardment. Approximately two months
later, a polonium sample chemically plated on silver foil from 2 N HCL
solution was alpha pulse analyzed,4 From the graph of plotting activity

against energy of emitted alpha particles (see Figure 4), we can calcu-

late the ratios of activities between various polonium isotopes,
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Approximately seven days after the bombardment, the Po<L0 vhich grew

in from B121O in bismuth fraction was extracted and treated exactly the
same as described before. The time of last extraction'was recorded as
to. Three twéntyafifths to one-half of the pelonium activity was

mounted on a platinum disk (Sample II). The decay of the sample (II)

has always shown a half-life of 138 days. The alpha pulse analysis activity

210

“which grew from the bismuth showed a single peak corresponding to Po™ ",

R10 3y sample (II) was exclusively derived

210

This indicated that the Po

210 pfter another 20 days, the Po

from the decay of Bi which grew
was again extracted and treated as béfore° The time for the last extrac—
tion was recorded as t3. Likewise, sample (III) was prepared and decayed
with a half=life of 138 days., The alpha pulse analysis of the chemically
plated sample showed again a single peak corresponding to PoR10, {Sze.
Figure 5.)

Bismuth in the aqueous layer was then precipitated as bismuth sul-
fide by passing H2S into a solution of 0.3 N hydrogen ion concentration

vwhile aluminum remained in the solution. After being washed twice with

5 ml pértion of saturated HoS water of pH value 1, the bismuth sulfide

was dissolved in concentrated HC1, Following7%he complete expelling of

HoS by boiling, the bismuth was determined aS'BiOGl; Three experimentg

of determining known amount of bismuth as BiOCl have been carried out

- with an error ofvléss than 0,7 percent.

The formation of ‘Bizlo'from'Bizo9 by neutron capture process from
stray neutrons was checked by bombarding bismuth with high energy protons

using the assumption that the neutron flux from this source would be of
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the same order as that from high energy deuterons or alpha particles.
The target preparation and procedure of experimentwere exactly the same
as the case of deuteron and alpha particle bombardment. The cross sec~

tions of forming Bi<10

with several different energy of protons were
determined. The beam intensity of protons was determined from the known

excitation function of Al“'z’?(p,Bpn)Na.‘g4 reaction.”? (See Figure 6.)

E. Determination of Absolute Cross Section of Al27(a9aépn)Na24
Reaction with 340 Mev Alpha Particles

This crosé_section was determined by using graphite as monitor,
The cross section of Clz(a,an)c11 reaction with 340 Mev alpha partiéles
was determined to be 60,5 + 0.6 nillibarns.® The procedure of experi-
ment was as follows: Two sheets of 10 mil graphite and four layers of
0.5 ﬁil aluminuﬁ foils were arranged in above order as was seen by the
beam and mounted in a-clamp type target holdei”° The edges of the rec-
tangular shaped foils were flush with one another, After the bombard-
" ment (3 - 10 minutes) the foils were immediately cut into equal and
corresponding areas., The two graphite layers were weighed and mounted
separétely on the same typé scotch=tape counting plates and counted
every five to ten minutes for approximately 270 minutes, first‘on the
fifth shelf with.beryllium absorber of 704 mg/cm2 oﬁ second éhelf, theﬁ
" on fifth shelf without beryllium absorber and finally on the second shelf
of the same GeigeréMﬁller counter., The ratio of three different cases

of counting was carefully determined. The activity in counts per minute

converted to second shelf was then plotted against time on a four;cycle
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semi-log paper, The activity qf Cll produced during bombardment can be
obtained by ?ollowing formula: |

T = Rt = Gtk~l (1 - e="5t)-1
where R = number of atoms ofmcll produced in unit time interval

t = time of bombardment

G = activity of C11 in counts per unit time extrapolatéd to

the end of bombardment
k_=\counting'efficiency
Ag = decay constant oé ¢l

By use of thin target formula, the average beam intensity can be

evaluated:
I- RA/nc
vhere A - area of the target
n = total numberrof carbon atoms in the target
o = eross sectién of formation of Cll from graphite with

340 Mev alpha particles.
, 4pproximately 24 hours later, the aluminum foils were weighed and
mounted separately on the scotch—tape counting platé and couﬁtéd every
four to eight hours on the second shelf'ﬁf the same Géigeanﬁller coun~

24

ter for 60 hours. The average activity of Na™" in the second, third, and

24

fourth foils which contained almost the same amount of Na activity was
extrapolated to the middle of the bombardment.
The cross section of A127(a,a2pn)Na?4 resction can be evaluated

as follows:

d = HA/K\Ingt



~17-~

activity in counts per minute of Na?4 in aluminum foil extra-

where H-
polated to the middle of the bombardment
k = counting efficiency »
A= decay constant of Na24

total number of aluminum atoms in. aluminum foil (using average

no
weight of three foils which had. a difference in weight within

one percent),

III. EVALUATION OF EXPERIMENTAL DATA AND RESULTS
N From the experimental data, we can calculate the cross sections of
Bi2%9(d,p)B1?10, B1299(a,a2pn)Bi?'®, B1209(d,n)Po?L0 and some other
reactions. The number of atoms of Bi?lO formed during the bombardment
can be determined from either the Po<1t0 activity of sample (II) or that
of sample (III). The reasonable check of those two values will show the
accuracy of the experiments and give an additional proof of the origin

210 which was formed during the bombardment.

210

of Po”l0 from the decay of Bi
The formulas for calculating the number of atoms of Bi are as
follows:

N O(I1) =

R | < Y -1
Ay (g -}1) JM(t1-to) em)‘]_('bg-tl) . 2(‘02-=tl>] .
(0052)}(2 )‘1).‘2 -

M °(1I1) =

A\ - . -1
% . 2= exl(tz-tO) e‘xl(tB“tZ) - e“xz(tBQtzﬂ
(0052)X3 —Xl)\z ~‘ v
where N1°(II) = number of atoms of Bi?10 calculated from sample (II)
Nl°(IiI) = number of atoms of Bi2l0 calculated from sample (III)

A, = P10 activity (C/m) of sample (II) extrapolated to tp-
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A3 = po?l0 gcfivity of sample (III) extrapolsted to %3
X = ffaction of activity of the'éecond series of extractions
mounted as sample (II)
X3 = fraction of activity of the third series of exiractions'
mounted as sample (III) |
A4 = decay constant of Bi210
M5 = decay constant of Po?l0
- The number of atoms of each isotope of polonium (Pozlo, P0208§
P0206) ¢an be evaluated from the:pulSe analysis data of the polonium
activity of the first series of extractions and the activity of Saﬁple (1).
The graph of plotting activity egainst energy from the alpha pulse
analysis data showed'two or three peaks of alpha energies corresponding

to Po2l0, po208 206

s, Po or Pozlo, PoR08 and Po with negligible amounts of
unknown activitieso At fime t (time for alpha pulse analysis) if the
activity under each peak were a(Po?L0), b(Pozos), c(Poné), and activity
of sample (I) were g, the activity of ?0210, PQZOS,_PO206 in sample (I)

theoretically extrapolated to tg would be

A -

Al = _a.'i..___ € Z(t tO) (P0210)
: a+b+e -

b Nt = tp) '
B = % 3 o (Po208)
‘ a+b +c ,

(t - )
Gy = cg ex4 (Po206)
a+b+e
where X3 = decay constant of 30208 _

X4 = decay constant of P0206“/

C1 can also be determined from the decay curve of sample (I).



Then the number of atoms of P02109 P@208

, and P0206 formed during

the bombardment can be evaluated:

- ; oA _MO(1T) + NLQ(III)ﬁl«m eﬁ}i(tlmtaﬂ
(0.52)%1*2 2
g = By _ | ;
(0652)X1X3
ke
(0952)X1x4q
.where M= number of atoms of o210 formed during bomﬁardment

L = number of atoms of Po<08 fofmed during bombgrdment
K = nuﬁber of atoms of P0206 formed during bombafdment
X3 = fraction of activity of first series of extractions

mounted aé sample (I)
q = fraction of decéy of PoR06 by alpha emission.

The cross sections can easily be shown to be

. 4t
o, (1I) = M%(I1) ==
1 1 PW'n
. ) ars
o1(III) = N,°(I1I)
. PWin
o Ma?
2 PWin
at
o3 = L ° Py
O = 1 o @F
5 K ° =

PWn



where ol(II) = cross sectlon of B1209(d p)Blle or 31209(a 2pn)B:L210

Teaction calculated from sampie (II)
9,(III) = cross section of Blzog(dgp)3°dlo or B1209(a,2pn)B1210
reaction calculated from sample (111)

210 op sum of cross sections of

%5 = cross section of Bizog(d,n)Pc
* B1209(q.30)4t%20 and B1?P(a p2n)PoR10.

°3 = cross section of_Bizog(d;Bn')Pozo8 or Bizog(a,pAn)Pozgs
' 9, = cross section of‘-Bi209(d95n)P0206 or B1209(a,p6n)P0206

d* = density of bismuth | - .

n = number of atoms pe: cubic centimeter of bismuth

The results will be summarized in Tables 1 ~.4o

The dlscrepancy in the cross section of formation of PoQO6 by

220 Mev helium ions (experiment number 5) is most probably due to the

contamination of the beam by deuterons.

Table i _
The eross section of A127(a,52§n)Na24 reaction with 340 Mev

alpha particles

Experiment Cross section in millibarns

number

1 24,0
2 21,8
3 2%
4 | 24,49

o —co 2

&verage 23,8
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Table IT

The exeitation functions of nuclear reactions on bismuth

~ with high energy protons

.. Experiment Energy of

Cross section for

Cross section of

number particle formation of Bi2l0  formation of PoRl0
in Mev based on proton from Bi209 (p,Y re-
' beam but due to action)
neutron background (in millibarns)
(in millibarns)- :
1 100 0,007 <10~3
2 120 0,007 - <10™3
3 180 0,011 <1073
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Table IIX

: The» exqitation.functiqns of several nucleér reactions on Bismuth with high energy deuterons

Fxperiment Energy of Cross section of formation ' Cross section ' Cross section Cross section

2

number particle on Bi?10 (in millibarns) of formation of formation - of formation
(in Mev) ©1(II) OL(III) ©1 ayerage Of Po?10 (02) of PoR08 (o5)  of PoR06 times
- - e ' a*(9, x q)

1 40 L5 L0 143 13.4mb  315mb - 3.0mb

2 40 . 13.8 13;9 13.9 139 mb 277 mb 11.3 mb

3 éo 996 8.5 9.2y 12.8 mb 258 mb 28, mb

4 80 b ody 4o50 babg 11.0 mb 105 mb - 17,1 mb

5 " 100 24y, 2473 2.59 6,10 mb 63,2 mb 9.47 mb

é 120 - 156 Ll ",1956. 457 mb 44e1 mb 6.6g mb

7 120 1,56 1.50 1.5, 4¢66'm1é | | 50»6 b 7.,45 Tuw

8 LO 0921 0.90; 0,913 2.6¢ mb i3.gmb 5.16 mb

9 - 160_ 0,614 0.568 0,591 1.9 mb 28,9 mb 3.3; mb

10 180 . 0.283 0.335  0.309  Li5mb 19.¢ mb 2440 mb

11 180 0.35  0.332 0.343 1.10 mb 22, mb 2.5, mb

12 190 0.340 0420 0.38g 1.33 mb 25,5 mb | 3.0p mb

——

%q is the fraction of decay of Po206 Ly slpha emission.

~



Fable IV .

hY

. The excitation functions of several nuclear reactions on bismuthlwith*high energy helium ions

Experiment Energy of Cross Section of Formatica Sum of cross Cross section Cross section
number particle = of Bi?10 (in millibarns) sections .of- of Formgtion of formation
(in Mev) o, (I1) Ol(III) oy average formation of _  of Po?08 (54)  of P00
ST Po210 and At210 (in millibaTns) times q (o4xq)

(05) in milli- o (in millibarns)-
barns
1 140 2.0, 17, 1.89 | 17.8 -~ 95¢3 7,7§
2 140 1.85 1.7, 1.80 15.5 83,8 7.1
180 L7 l5g - L.53 899 43.0 . 3089
220 108 1y Llg . 7.97 37 3.,
220 1,23 1.2 1.2¢ 5.36 38,5 4.6g
260 0910 0.828 0.8 Lebg C 2% 2.2 \%
300 0.7 0.692 . 0.7l | 3460 20.6 1.9
340 04529 0,552 0541 Rs2y, 6.7 - - Llokg
340 0.2 045y 0u3g 1.9 1346 1.2,

- B N e




"The cross sgctiops_in_?ables ITT and IV haye neither been corrected
for the attenuation of beam nor the neutron baékground during-thebaeterm
mination of excitation funcﬁions of formation of Na4 from A127 byibomr
barding degterons-or alpha particlés of various energies with the well~
Enown stacked foil technique.

In our experiments, the neutron Background causes negligible error
in tﬁe determination of (d,p) and (a,2pn) reactioﬁs on bismuth as we
can see that the cross sections of formation of B1<10 by bombardipg
bismuth witb high energy protons are much smallér (see Table II) than

that of (d,p) and (a,Q?n) reactions.,

. TV. DISCUSSION D CONCLUSION
In Figuré 1 will be found plotted the data for the (d,p) and

(d;n) regctions onfbismuth with deuteron energymbetween 40 §md 190vMevo.
The excitation curve of Kélly and SegrE for deuteron energies 18 Mev
and lower are a(l.so'reprodu'ced°

The most apparent difference betﬁeén the (d;p) and (d,n) excitation

functions is that the (d,p) cross sections are higher than (d,n) cross
sections at the 1owe£.energieé (up to and past fhe potential barrier
ehergy) and that there is a reversal aﬁ high energies,( The pdant‘of
crossing is in the ené;gy range not covered by the two sets of'datawand
is prqbablj between 30 and 40 Mevldeuteron_energya According to Peaslee's
treatment these two cross séctipns should be as observed for.the lower |

energies and tend toward the same value at high energies., A4s will be

explained presently there is an ambiguity in the interpretation of these
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~curves whiéh does not»allow‘one to rule out the‘Validity_of Peéslge”s
predictidnb For the moment, let us consider the curves at their face ,
value. Peaslee considers that the bulk‘of.the (d,n) and (d4,p) reaction
arise froﬁlastripping;nncess in which either the proton or the neu-
'tron'is’captufed by the nucleus while the other misses and cdntinuesl

on its way., IFur?hermore, it is assﬁmed thailthis stripping prﬁcessybnly
’ takes place if the nucleon captured has essentially zero or negative
épergy which can be visualized as occurring by a favorable partitioning
‘pf internal ehergy of deuterons governed by its internal wave function
such that the nucleon which is not captured carries off energy equal

to or %n excéss of the incident energy of the deuteron, The reasoning
is tbat,if a nucleon is captured with positivé energy the nucleus will
be sﬁfficien£1y excited to lose a neutron promptly thus resulting in a.
'(d;pn) or (d,2n) reaction, This condition ié probably unnecessarily -
festrictive since it is well known ‘that radiative capture processes can
occur with appreciablé eross sectibﬁ with neutrohs of eﬁergy'well ébove
zerq°7 With régard to expectations of the cross sections at high ener=
gies according to Peasleejs treatment, one might expect that thev(ﬁ,p) |
rand (d;n) cross sééﬁions would tend towardvthe same,valueo However,

if one will allow radiative captﬁre to compete with other reactions when.
the captﬁred nucleon haslpositive energy of the order of one to several
:Mev,vthen it can be seen.that the (d,p) reaction would be less prominent
th;ﬁ the (d,n) reaction. Fér the (a,p) reaction, some yield could be
lost as suggested by Peaslee by'the.captured ﬁeutron of fositive energy

undergoing an elastic or inelastic collision and then leaving., However,
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a captured prqton((d,n) reaction) with only a few Mev p@sitive energy
would not be eligible ﬁo leave because of the potentialvbarrier and
'wou}d ofﬂnecessity give up its energy to the nupleus, after which we
might admit radiation to compete with neutron emission. 7

Af first'sight,,it might appear from Figure 1 that the mechanism
postuiated is confirmed because at high incident deuteron energyithe
(d;n),cross section is about B.SIt;meS'greater than the (§?§3 c;;ss
Segt;on,” However, there is doubt that the yield”bf RaE' corresponds to
the entire (d?p) cross secfion in view;of the recent knowledge of the
existagce of aﬁ.isomeric state of_Biz?-O,8 Although at the present no=-

210m cannot be determined owing to its long half-

ment the yield of Bi
life and small cross section, one might assume that the ratio of the
yield of Bi?l0 to that of Bi%l0M might be almost the same for any inci-

dent energy of_the deuteron. If so, the (d,p) excitation curve in

Figure 1 will be shifted up by a constént factor, g.

P+ P
i g: l 2
P
.where P1 = yield of BiZIO‘

i

P, = yield of Bi2l0m

.Let us now compare tﬂé vefiatign with deuteron energy:Pf the (d’P)
and (d,n) cross sections at high energieé with th¢o§etiéal prediction,
According to the derivation by Peaslee, the probability of forming é
proton in the strlpplng process. w1th energy, Ep, |
Eg-1% E <Eg-1I+ E 09 varles ‘inversely with approx1mately Ed3/2 for

high deuteron
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energies (100 - 186 Mev), where I is the binding energy of the deuteron
and E, ig the maximum.bindipg gnergy of“the neutrgn in»residual nucleﬁs,
EXam;niﬁg our data together with Kelly and Segr?'s by_plottipg_the
log of (Q,p) cross section against the log of Eg, the slope of the
curve (see Figure 9) is approximately -1.5 ip the energy région éf 1
to 69 Mev in fair agreement with prediqtion, but decregses gradually
to‘abogt ~4 .0 as Eq increases to 180 Mev, ’(It would be also true for

210 210m 4

(d,p)»excitation curve including both the yield of Bi and Bi

- we assume g is a gonstant for all Eg.)

-The same is frue for (d,n) reaétion'with Eg ébove 80 Mev, the
slopg of tpe curve plot#ing log of cross section agains? the log”of
Eg degreases approximately from -1.5 to =4.0 as Ed‘increases from 80 to
180 Mev., N N

‘in conclusion it appears that the ﬁfeatment of (d,p) and (d,n)
react;ons at low energies by Peaslee is not, directly applicable at the
- high energies, for the expgrimeptally 9bser§ed crossisectionS'd?grease
with energy above 100 Mev muéh mnore rapidlyﬂthan the Pgaslee expression
indicates. It seems probable that the sticking probabiiities §p andﬂfn
.are decreasing functions.of the energy in the high energy region° A
theoretical treatmeni of the high energy reaction‘shguld probably be
made in ananalogous manner to:that\emﬁloyed by Chew and Goldbergerlo
on the inverse (n,d) and (p,d) reactions,

The (d,3n), (d,5n) reactions can be considered to proceed in both
ways: (1) direct absorption of a deuteron and subéequent evaporation

of three or five neutrons, and (2) absorption of a proton during the
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'strippiﬁg rgactiqn follqwéd by.evaporation of two or four neutronsow

The (a,2pn), (a,3n), (a,p2n), (a,p4n), and (a,pbn) reactions are likely
to be due to the formation of compéund'nuéléus followed by the‘evapqram
tion of right number»éf-hucleons,b although (a,2pn) and (a,p2n) reace
tions can equally adeqﬁately;be considered to proceed by the absorption
of a neutron or proton in a ;ero or negative energy staté or with alposin
tive energy up £o severai MgvAgue-toithe relative motion of the protop
or neutron insiae the helium ion with respect to the center of the

mass of that helium ion.
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| Part II
RECOIL OF Na?* PRODUCED IN ALUMINUM FOIL BY BOMBARDMENT

WITH HIGH ENERGY NUCLEAR PARTICLES

I. INTRODUCTION
_____ Since tﬁe successful operation of the Berkeley 184—inph
synch;g—cyclotron,.a gréat dealvof‘work about the nuclear reactions
induced by high energy nuclear particles has been perfoi’med° 4 strik-
ing feature of numerous nuclear reactions of this type is the slow varia-
tion of excitation function with energy of incident pai'_ticles° | |

1 proposed that the above phenomenon, which cen he longer

Serber
be satisfactorily eﬁplained by the compound nucleus formation as posgtu-
lated.by Bohr, is mainly due to the reason that the reaction‘bc§prs
through the incident particle carrying off a good fraction of its ehergy
and gives the nucleus approxipately the right amount of excitation ener- -
gy for the reaction to proceed.

During our investigation of excitétion function of (a,a2pn)
reaction on bismuth, it was discovered that the amount of llNa24 produced
in the first aluminum foil is less than that:in the following foils which
were all used as monitors in defermining the beam intensity inside the
Berkeley 184~-inch cyclotron. It was of‘interest to us to determine the
cause of this effect., Through the experimental arrangements and results
obtained, which ﬁill be deébribed in following sections, the loss of
NaR4 activity of the first aluminum foil due to recoil and its dependence

on energy of incident particles constitute a solid proof of Serber's
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mechanigm for the high energy region, vhile compound nucleus model
apparently can account for the low energy pert.

The purpose of this investigation is to determine the energy
dependence of recoil of Ne?% with a desire of clarifying the picture

of high energy nuclear reactions.

i ~ + IXI. THEORY
According to the theory of compound nucleus, the mechanism of
reactions can be formulated as follows:

> 15P31* —_— llNa24 + n + 21H1 + 2Hez"

134177 + oHeA
13A127 + lHl

> 14S128% o 19Ne? 4 n + 30
13A127 + in —— 148129* — llNa24 + 1H1 + 2He4

138177 ¢ qBR  9/81%9% > 1 Na4 + qHR +'n + 29HT
134177 + B2 ___>'143128*; + N > 77Na?% + 2n + 3HL

134127 + 187 > 1541285 4 qul > 1 N4 + gED + pHA

In case of 2He4 ion bombardment, by conservation of momentum,

(1)

(2)
(32)
(30)
(3¢)
(3)

‘ S
15P31* has a momentun vector P in forward direction k which can be calcu-

lated:

2 -
T =Yg, &

where E, is energy of incident partiéle My, mass of an alpha particle,

The subsequent evaporation of one neutron; one alpha particle and two

protohs can be treated as a random walk like problem,
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. N |
?he momeritumIP]_I (oriented equally probably in all directions)
‘acquired‘by the resultant llNaZA due to evaporation is then:
|P1|'“ (z pL2)1/2 » | (4)

i=1

vhere p's\,are the moménta of the evaporated particles.. With prjyetty
good approymatlon by assuming evaporatlon under constant temperature
of nucleus,rl-’-i, can be expressed in terms of energy of 1n01dent particle
(Eo), potential b_arrier of the compound nucleus towards protons (V) and

the average binding energy (B) of nucleons inside the nucleus.

Figure 1 .

(Mn + 2Mp + MG)EO - 3(Mp + Mp + Ma)B

+ 4(Mg - Mn)‘z} 1/2 | o (5)

AN
From Figure 1 we can easily express |R| and W as functions of the

variable 6.

RI-{3 5t o 2] koo o e



R
i = tan-l [P1] Sin 6
I+ |I>>l’| Cos 8

From resultant momentum rﬁj, the range of Na?% in aluminum can

2

(7)

bg cglculated by applying the theory developed by Bohr,< and Knipp and
Teller3htogether with value of atomic'stopbing power of aluminum listed
by Livingston a£d Bethe. %

The fraction of loss of Na? from the first foil can be obtained

from the following integration,

ﬂ .
- ‘ 1 :
f= E;‘ s Cos w Sin 6 d6 (8)

wvhere t is the thickness of aluminﬁm foil, and s is the range of the
Na?4 ion both in Mngf2 of aluminun.
L =
In case of proton bombardment, the forward momentum P of 148128*

due to compound nucleus formation is

-~

>
P = 2MPEO k

UL N
The momentum'Pllacquired by the resultant 11Na24 due to evaporation off

one neutron and three protons can be shown to be:

0.98 ‘ :
2 M1 (Mp + 3Mp)Eq = 3(Mp + 3Mp)B + 3(Mp "»Mn);S

Y2 (g + Mp

1/2

AR (9)

The symbols are of same significance as before., The fraction of loss.
of Nazé‘from the first foil can again be obtained from equation (8).
Since the situation is complicated by the fact that the reaction

may take place through Sevefal paths, this treatment will not be extended



to the deuteron bombardment. The purpose of this theoretical treatment
is to verify the statement that the compound nucleus model can agccount
for the nuclear reaction with low energy incident particlés as well as
Sg:ber's mechanism for the high energy ones by comparing the experi-

mental data with the calculated values.

I1T. EXPERIMENTAL

4 standard procedure of the experiment is as follows: Four'to six
layers of aluminum foils of the same thickness sandwiched by two or more
shegts of 10 mil graphite or 5 mil polystyrene wére mounted in a clamp
type target holder. The edges of the rectangular shaped foil were flﬁsh\
kwith one another. After the bombardment (7 = 30 minutes) the foils were
cut into equal and corresponding areas. Afte: approximatgly 15 hours,
all the foils were weighed and mounted separately on the same tyﬁe
scotch-tape counting plates and counted e&ery four.tO’eight hours for
approximaﬁély 60 hours'bn the same shelf of the same GeigermMﬂller coun=

ter, The activities of different foils‘were plotted against time on a

thfee cycle semilog paper. The points in an interval of more than 45 hours

.lie close to'within one percent on a line of 15 hours half-life of Na2, ‘
The‘activities olea24 in different foils at the same instant were then
compared., ‘The aluminum foils céntained almost the same.amount of Nac4
activity except the first one which always has much lower amount of Na24
activity than the others. (In case of 2He4 ion bombardment with energy
ranging from 80 - 160 Mev, the second foil has lower activity than the

3rd and 4th foils by 2 = 5 percent due to the small fraction of recoil
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Na2 with range greater than the thickness of the aluﬁinum.foilo) The
graphite or polystyrene layer right behind the aluminum foil catches
almost_qUantitatively the amount of Na?4 the first aluminum foil loses,
whereas the graphite or polystyrene in front of the aluminum foils
catch a small ambunt or no activity.

Ihe?efore.it can be safely concluded that this-py?nomeﬁon is due
to tﬁe recoil of the Na24 produced in aluminum foils by the incident
particles, and the range of the Na?# recoil particles in gluminum with
several exceptions (see nearést'parenthesis abové) is less than the
thickness of the foil,

IV. CALCULATION AND RESULTS |
The percentage ofrrécoil loss of Na?% in the first aluminum foil

can be calculated as follows:

L- 100( --iﬂ)
AW

where A1 = activity Sf Na24 in first aiuminum.foil at certain instant t
T = average activity of Na®% in other aluminum foils at same
instant t (in case of the‘bgmbardménts with 80 - 160 Mev
‘alpha particles on the 0,00025 inch thick aluminum foils
the average activity of Na?4 in the third and fourth aluminum

foils were used).

Wy

-

weight of first alumimm foil
| W = average weight of the other aluminum foils.
The difference in the weight of diffefent'alﬁminwm foils in each

bombardment was within one percent.



TherNaz4 activity caught in graphite .or polystyrene right behind
the aluminum foils (Cf) and that caught in graphite or polystyrene in

front of the aluminum foils (Cp) were calculated as follows:

- 100 Ap

G
' 4
100 & e '
Cp = —me b :
where Af =‘activity of Na? in gfaphite or polystyrene right béhind
. N\
the aluminum foils at time t.
4y = activity of Na24‘in graphiﬁe or polystyrene in front of the

aluninum foils at time t.
The results of the experiments are summarized in Table I. The

alpha and deuteron beam inside the cyclotron are mutually contaminated,

gspecially when we run alpha bean right after the deuterom beam or

vice versa., The low values of percentage of less due to recoil for |

60 Mev and 90 Mev alpha particles were mainly due to this reason as well
as the lower cross section for A127(a,a2pn)Na? reaction in comparing
with that of'A127(d,ap)Na24,and 3127(d,d2pn)ﬁa2ZP reactions with deuteron
energy half of that éf alphavparticles (reference 3, Part I), The ratio
of alpha to deuteron was roughly*eStimaﬁed ﬁo'ﬁé 15 to 1 before

the experiments, 38, 39, 50, 51, 60, 61, 64, 65 were carried out, The
values of pércentage of loss due to recoil for 80 Mev‘will be shéwh
léter to be reasonably close to the calculated value with thevaSSumption

of compound nucleus model,



Table I

- Experiment Nuclear Energy of Thickness of Peréent of Percent of P%rcent of

number particles particle Al foils loss of eatching of Nab catching of N&24
' (Mev) (inches) Na2s of in graphite or in graphite or
first Al polystyrene¥ polystyrene¥® in
foil right behind the front of Al foils
Al foils
proton 60 - 0,00025 27.8 28.0 <2,0
proton 60 0,00025 26,4, 28.3 <2.2
proton 70 0,00025 29,2 29.0 <1,5
proton 80 0,00025 27.3 -25.4% . <Q,6%
proton 80 0.00025 28,5 25,1% <0,.4*
: proton 90 0,0005 12,9 13.2
proton 90 0,00025 26,8 26,2 <2.0
proton = 140 0.,00025 ~ 20.9 . 19.9
proton 180 0.00025 18.2 18,2% L7
proton 180 0,00025 - 18.6 18,0% . ~1 5%
proton 220 0.00025 17,6 17.6
proton 280 0.00025.- . 17.5 16./ '
proton 340 0,0005 - 7 46 7.6 : <<2,0 -
proton .-340 0,00025 15,0 15.7 <4 .0
proton 340 - 0,00025 . 16,3 17.1 <<, .0
" proton 340 0,00025 15,5 14 4% ~2,6%
. proton 340 0,00025 13,9 A 5% ~p , 8%
deuteron 40 0,00025 22,2 . ’
deuteron 60 0,00025 25,8 28,0 <2.5
deuteron 60 0,0005 . 12,0 12.6 <1,
deuteron 80 0.,00025 32.4 34.1 . <2,6
. deuteron 80 0.0005 17.0 14.8 <l.3
deuteron 100 0,00025 - 32.0. 32.2% ~] 0%
deuteron 100 00,0005 17.3 15,5% ~0 7%
deuteron 120 0.00025 30,8 28,2% ~1,0%
‘deuteron 120 0.0005 16,2 13.5% : ~0, 5%
deuteron 140 .0,0005 15.5 -
deuteron 160 0,00025 27,0 27 L% ~1 3%
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Table I (continued)

Experiment Nuclear

Energy of Thickness of Percent of Percent of

Percent of

number particles particle Al foils logs of catching of Na24 catching of Na?4
(Mev) (inches) Na<4 of in graphite or in graphite or
first A1 = polystyrene* ~  polystyrene¥® in
- foil right behind the front of Al foils
Al foils
29 deuteron 160 0.00025 27 o, 26,8% ~L 3%
30 deuteron 190 - 0,00025 25.0 23.8% ~1,3%
31 deuteron 190 - 0.00025 2, .8 R/, 6% ~1 2%
32 deuteron 194 0.00025 - 26,6 26,8 '
33 deuteron 194 0,0005 12.4
34 deuteron 194 0,0005 12.7
35 deuteron 194 0.001 6.4 : <0.05
36 alpha 60 0,00025 23.5 23,6 <0,.7
37 alpha 60 0,00025 2.2 21.4 <0.7
38 alpha 80 0.00025 57.8 64..8 <1.7
39 “alpha 80 0,00025 59,0 65,2 <1.7
40 alpha 90 0.00025 28,1 30.3 <1,1l
41 alpha 20 0.00025 294 28,5 <l,1
42 alpha 90 0,00025. - 38,0 36,2 <1.7
43 alpha 90 0.00025 36,0 36,9 <1.8
i, alpha 100 0,00025 59.7 64 .6 <1,0
L5 alpha 100 0,0005 294 30:2 <0,5
46 alpha 110 0,00025 60.3 67.6 <1.0
47 alpha 110 0.00025 61.9 68,5 <1.0
A8 alpha 120 0.00025 58,7 62.3 <1,1l
alpha 120 00,0005 32.7 30,0 <0.6
50 - alpha 120 0,00025 60.3 68.1 <1.9
51 alpha 120 0.00025 58,7 66.5 <1.9
52 alpha 130 0.,00025 56 .4 66,0 <1.,7
53 alpha 130 0,00025 56.8 67 .4 <1.7
54, alpha 140 0,0005 27.5
55 alpha 140 0.0005 27,1 26,0
56 alpha 140 0.00025 5402 59,3 <l.3
57 ~alpha 140 00,0005 27.8 28.2 <0.7

Y
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Table I (continued)

\

Experiment Nuclear Energy of Thickness of Percent of Percent of Percent of

number particles particle Al foils logs of catching of Na=b catching of Na”
(Mev) (inches) Na~+ of . in graphite or in graphite or
first Al polystyrene* polystyrene® in
foil right behind the front of Al foils
Al foils ' o
58 alpha 160 0.00025 50,5 . 59.3 <1.9
59 alpha 160 0.00025 51.3 60,7 <1.9
60 alpha 190 - 0,00025 46,2 55.7 <2.8
61 alpha 190 0.,00025 48.2 543 <R,0
62 alpha 220 0.,00025 35.0 3401 <1,8
63 alpha 220 0.00025 34.8 35.1 <1.8
JA alpha 280 0.00025 35.6. 419 <<6.0
65 . - alpha 280 . 0,00025 - 35.9 43.1 <2.9
66 alpha 340 0.,0005 - 16.6 ‘ <l.5
67 alpha 340 : 0.0005 14, 09 <1, 5
68 alpha 340 0,0005 16,7 ‘ <1.5
69 < alpha ’ BZPO ’ O 000025 27 07- . 29 08 <2 ° 5
- 70 alpha -~ 340 0.00025 26.7 '31.0 <2.2
71 alpha 370 0.0005 13.0 <0,9
72 alpha 370 0.0005 14.0 <1,0
73 . alpha 370 0,0005 1449 <1.2

74, alpha - 380 0.00025 2.2

mogm

|
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Fortura tely, for the bombardments with higi energy alpha particles
(above 220 Mev), the percentage of loss due to recoil is about the same
~as that with deuterons of half the amount of energy. Therefore the
error due to ﬁhe céntamination in this region should be less than two per-
.éent for the 0,00025 inch foils, In case of using polystyrene as catcher
of the recoiled Na24, the beam intensity inside the cy@lotrbn}w@s cut
tc 0,06 to 6.10 of‘the maximum intensity in order to avoid melting of
polystyrene during bom.bafdménto

The calculated'percentagé‘of loss of Na?é of the first aluminum
fgil'for several energies of proton and helium ions with the assumption
of the'qompbund’nugleus model will be compared Qith the experimental

value in Table IT. -



Table II

Energy of Thickness:

Calculated percent of

Nuclear Percent of Percent of loss of Na?4 of
Particles particle of Al foils loss.of Na24 catching of first Al foil .
(Mev) (inches)  of first Al Na24 in . Knipp-Tellerts Theory Bohr's Theory
foil (expl.) graphite or . .
- polystyrene Y#* = 1.3 Y=1l.4 Y=1
behind the L
Al foils
~ proton 60 '0.00025  27.1 28,2 33.5 28,1 18,8
proton 70 0,00025 29,2 - 29.0 35.5 29.8 20,5
proton 80 1 0,00025 27,9 25,3 36,5 31.2 21.8
proton 140 0.00025 20,9 19.9 48.1 s 30.2
proton 180 0,00025 18.4 18.1 57,0 51,1 36,0
- proton 340 0,00025 14,7 1.5 97.3 90,0 66,9
alpha 80 0,0005  29,2%% 32,5 37.5 3403 IAA
alpha 160 0.0005 29.4 30.2 45.5 41,3 30,1
alpha 120 0.0005 327 30.0 54 o5 49.9 36,6
alpha 140 0,0005 27,8 28,2 63.5 58,3 43.8

#y = ve/v where Ve is theaenergetic

root mean sqﬁare ve1001ty

hfrop:phe ThogasfFerml model, V is the volocity of the ion,

f*Gbnyerted from percent of recoil loss of 0,00025 by dividing the value by 2.

A

ly most easily removable electron whlch is determined

A%



- where Ej = energy of incident partlcle

V. DISCUSSION
The results show the.dependénce of percentage of loss due to

fecqilﬁpf Na? in forﬁard direction or its range upon the energy of the
incident pérticleé. In the case of proton and helium ions (see Figures 2
gnd»4), starting from the low enefgy side, the percentage of recoil lossuhich
checks reasonabiy well with ecalculated values (using Bruniﬁg, Knipp, and
Teller's theor& and setting Y = Ve/V = 1;4); increases as the energy of
incident particles iﬁcreases, which is consistent with compouhd nucleus -
formation as postulated by Bohr. The percentage of recoil then passes

through a maximum and decreases as the energy of incident particle

.increases. Therefore it clearly shows that the high energy incident

particle transfers only part of its energy to the target nucleus by
making one or more collisions with the nucleon or nucleons inside as

it passes through in these particular nuclear reactions.* The maximum

#The fact that the percentage of recoil decreases as the energy of

. the incident particle increases can be explained by a simple approximate

calculation assuming that after transferring a definite amount of energy,

E, to the target nucleus as it passes through, the incident particle

leaves the nucleus without changing its direction. The forward momentum

of the excited A1?7 will be: :
V2Mi'E

\/?O+VE E

M3 = mass of incident particle, and Eq > E

It is obvious that IPl decreases as Eo increases,

4s | Py} will be the same for any incident energy (since E is a constant),
the resultant momentum or energy of the Na?4 ion in any direction or the
percentage of recoil loss will decrease as Eo increases which is certainly

B =\/2MiEo -V 243 (E, - E)

~consistent with the experimental data. The experimental fact that the back-

ward récoil gradually inereases as Eo increases (shown in the proton case
with polystyrene as catcher) should also be expected from the above calcu-
lation. More exact calculation needs the data on angular distribution of
those recoil Na%, '
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in the curve for the case of proton is around 70 Mev and that for alpha
particle is approxim tely 110 Mev. In the case of deuteron (see Figure 3),
starting from low energy side, 40 - 80 Mev, the reactions (3d)(3a)(3c)(3b)

take place simultaneously probably with (3d) of the most and (3b) of the

least‘importance, the percentage of recoil increases as energy of the

ineident particleAincreases. The broad peak from 80 Mev to 140 Mev is

due to the fact that the target nucleus begins to be increasingly

tfansparent to deuterons but still opaque toward proténs of reaction

(3¢). As the energy goes up still higher, the target nucleus becomes

transparent to both incident deuterons and protons from the stripping

process, Therefore, the percentage of recoil decreases as energy in-

creases.,

VI. CONGLUSION -

‘The conclusion can be drawn from the above experimental facts thét
the\compoﬁnd nucleus model can only be applied for the nuclear reactions
with the comparatively low ehergy incident particles, whereas ﬂhe high
energy nuclear reactions .of abéve type, as we already have discussed, can

only be satisfactorily explained by Serber's mechanism,
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- VIII. APPENDIX

& sample calculation of percentage of loss of Na?s of the first
aig@inum‘foil for 70 Mev protons with the assumption of compound nucleus
model will bé shown as fo}lgws; The range of Na24 in aluminum was detef—
mined by using Bruning, Knipp, and Teller's theory‘and setting‘gamma
eqﬁal;to 1.4 together with the value of the atomic stopping power of
aluminum listed by iivingston and Bethe.

The forward momentum due to compound nucleus formation is:
|f?|= (2 x l.66ﬁx 106 x 1.67 x 107% x 70)1/? = 1,934 x 10-™em om secl
The ?andom oriented momentum due éo'evappration cah be ealculated by using
equation (9) with the assumption of B "8 Mev and V ¥ /4 Mev.,
|?i|: 1.526.x lO'ligm em sec™1.
- In fact, a‘variaﬁion of +1 Mev in B and V will affect very little
ﬁhe final result, The following table will list the required values for

numerical integration. (See Figure 5.)

’

Table III
e Energy of -  Range in Al . S Gos W Sin 8
Na4 jon (Mev) in mg cm~?2 (S8) Cos W (mg cm~2 radian'l)
0 . 0
n/36 9.30 0.88 1 0.0767
n/18 9.26 0.87 1 0.151
w/9 9.05 0.86. 0.988 0,290
n /6 8.70 0.85 0.973 0.414
n /4 7.97 0.82 0.942 0,546
n/3 7.03 0.78 0.899 0,607
5u/12 5,91 0.72 0.847 0,589
w/2 4.3 4 0,66 0,786 0,519
2n/3 244 0,51 0,665 0,294
3n/l - 1.98 . 0.42 0.62, 0,185
5n/6 0,755, 0.30 0.629 0.0944
n : oo ' 0o

I
I
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