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Abstract

Radiochemical Studies of Some

Nuclear Reactions Produced by

Low-and Medium-Energy

Accelerated Tritons,

Deuteronsj and Protons

Part I

Excitation functions have been measured for the pro-

l%gAu , l%mAu , ly8gAu, 1Y8mAu, lyyAu, 195gHg,duction of

195m - lypgHg, 197mHg and 199mHg by 6- to 2~-MeV deuteronhg ,

and triton bombardments of stable 19?~u ● The bombardments

employed the stacked-foil technique and were carried out at

the Los Alamos Van de Graaff Facility; the radioactive pro-

ducts were determined by measurement of their characteristic

gamma-rays on a Ge(Li) detector-pulse height analyzer system.

The experimental results have been compered

compound-nucleus calculations incorporating

particle emission.

with results of

pre-equilibrium

E3 isomeric states of Yjy ad lu~ Ag have been discovered.

Their half-lives are 0.8 t 0.04 seconds and 2.12 A 0.12 sec-

onds, respectively. These activities were produced by short

bursts of beam on isotonically enriched targets; the decay

y-rays were measured with a Ge(Li) detector-PHA system oper-

ated by a computer arrangement. Hindrance factors for the

E3 transitions were calculated and discussed.

xiv



Part III

Chemical procedures have been developed for the isola-

tion of spallation-produced radio-yttrium and radiopotassium

from molybdenum and vanadium targets, respectively. These

procedures incorporate precipitation, solvent extraction,

and ion exchange techniques. An overall chemical yield of

96 A 4% was achieved for yttrium, while the potassium over-

all chemical yield was 91 t 3%.

The interaction of 800-MeV protons with a thin vanadium

target was studied, and cross sections for the formation of

4% and 43K were measured to be 11 mb and 6 mb, respectively,

with an estimated 15% error limit.

xv
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PART I

Excitation Functions of Nuclear Reactions of 6-2.4 MeV

197AUDeuterons and Tritons with .



I. Introduction

The present work was undertaken to measure the total

cross sections for formation of products of the reactions

of deuterons and tritons with gold at energies from 6-z4 MeV.

The relationship between the cross section for a nuclear

reaction and incident particle energy is called an excita-

tion function. This information has both a practical and a

theoretical value. Since gold is frequently used in acceler-

ator systems, for example as beam stops or for beam aper-

tures, the knowledge of reactions produced in it by charged

particles is very important. From a fundamental viewpoint,

the measured excitation functions can be used to test nuclear

reaction theories, which form the basis for calculation of

these excitation functions.

Isomerism occurs in nuclei when

momentum difference between an upper

hinders electromagnetic decay of the

there is a large angul=

and a lower state which

former to the point

where its half-life becomes appreciable. Although more than

one isomeric excited state may be found in a nucleus, usually

only one major state with significant half-life is found close

to the ground state and is called the metastable isomer.

198AU was recentlYA new high-spin 2.s-day isomer of

discovered by Cunnane and 13aly1 using deuteron bombardments

200 198mAu by a (d,a) reaction.on enriched Hg to produce

Pakkanen, et. al.,2 published their findings of a lls.2-KeV

.

.

.

.



1g8Hg(n,p) reactions.198mAu from 1?7Au(d,p) andtransition in

These recent discoveries helped generate an interest in

medium-energy reactions on gold using deuterons up to 24 MeV

(pakkanen used 12.J-MeV deuterons) , and using triton~ pro_

ducing the 1g7Au(t,d) reaction, which had never been report-

ed previously. The high spins of lg8mAu ad 1g6mAu (both

have J=12) offer an opportunity to test the effect of angular

momentum on.product cross section.

There are two models that attempt to predict what

happens in those events in which an incident particle reacts

with a target nucleus. The compo=wd-nucleus model assumes

that an incident particle is captured, and its energy is

eventually randomly shared among the nucleons in the com-

pound nucleus, which then de-excites by evaporation of

particles and emission of gamma-rays. The direct-inter-

action model assumes that the incident particle collides

with the target nucleus without significantly disturbing its

overall structure; only one, or at most a few, nucleo~s are

transferred from projectile to target or vice versa. That

is, part of the incident particle is absorbed by the nucleus

while the remainder continues on after being deflected. This

is known

called a

incident

or group

as a stripping reaction. The inverse of stripping,

pick-up reaction, may also occur. In this case, an

particle (e.g. a proton) interacts with a nucleon

of nucleons in the target nucleus forming a complex

3



particle (e.g. a deuteron), which leaves the target nucleus.

These two models, compound-nucleus and direct interaction, .

represent extremes of nuclear behavior. Evidence from .

nuclear reaction studies indicate that the actual course of

events is usually intermediate between these extremes, and

in recent years the compound-nucleus (statistical) models

have been modified to take into account pre-compound reac-

tions. 3,4

Although the experimental measurements were the pri-

mary concern of this work, the data obtained were also com-
1

pared with excitation functions calculated from a compound-

197Au(d,2n)nucleus (hybrid) model. Reactions such as 197~g

197Au(t,sn) 197Hg would be expected to be fairly welland

predicted from a compound-nucleus model, while reactions

197Au(d,p) 198Au and 197Au(t,d) 198Au should be pre-such as

dominantly stripping reactions and have much higher cross

sections than predicted by this model.

Some previous cross section measurements of reactions
1

of deuterons with gold have been reported. The earliest pub-

lished excitation function was by Vandenbosch et. al.5 for

197Au(d,2n) 197Hg reaction for deuteron energies up tothe

22 MeV. The excitation function for the 197Au(d,p) 198AU

reaction for deuteron energies up to 28 MeV was subsequently .

6reported by Sandoval et. al. and by Nassiff et. al.7A
.

more recent determination of the excitation functions for

197Au(d,2n) 197Hg and 197Au(d,p) 198Au reactions forthe

4



deuteron energies up to QO MeV was published by Chevarier

et. al.,8 and they also determined the 197Au(d,Qn) 195Hg and

197Au(d,p2n) 196Au excitation functions for deuteron energies

above 25 MeV. Excitation functions have very recently been

197Au(d,xnyp) reactions in the energy rangemeasured for

25 to 86 MeV by Jahn et. al.9

An incident particle energy of up to 24 MeV was used

in this work, and only the 197Au(d,2n) 197Hg and 197Au(d,p) 198AU

reactions have been studied over this deuteron energy range.

The Los Alamos Van de Graaff Facility provides a capability

of accelerating tritons to energies over 20 MeV that is

unique in the world. This fact helps explain why no exci-

tation functions of tritons with gold have been previously

reported,

II. Experimental

A. Apparatus and Materials

The stacked-foil technique was used to measure total

cross sections for all reactions. Very pure gold foil,

usually from foil or leaf stock 4-8 mg/cm2 thick, was cut

into discs 1.000 ~ 0.002 inches in diameter and weighed to

the nearest 0.01 mg. Variations in the weights of foils

fr~m adjacent cuts were of the order of O.~%. Variations of

5



thickness within a given foil may have been larger, but the

diffuseness of the beam on the target greatly reduced these

effects by averaging them out. Results of spectrochemical

analysis of the foil, performed by Group CMB-1 of the Los

Alamos Scientific Laboratory, are presented in Table 1.

Stacks of foils were bombarded with deuterons or tritons

at selected incident energies. An aluminum catcher foil was

placed after each gold foil to absorb reaction products from

the preceding gold foil in the stack. The thickness of these

catcher foils was chosen so that the energy of the beam

would be degraded by a desired amount, and the energy of

the incident beam would be appropriate for the next foil

following.

The foil stacks were held in a combination target hold-

er and Faraday cup (shown in Figure 1), which was mounted at

the end of a beam line from the Los Alamos Van de Graaff

Facility (Figure 2). The current from the Faraday cup was

fed into a LASL 1000 beam integrator connected to a digital

readout. A bias of +300 volts was applied to the suppressor,

so that secondary radiations (principally electrons) escap-

ing from the target would not.cause an error in the measured

beam current. Power dumped in the target holder was typi-

cally of the order of 10 watts; this heat load was removed

by passing compressed air through the cooling system of the

holder. The accelerated ion beam, magnetically and electro-

statically focused, struck a more or less uniform area about

6
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Element

Ag
Al
B
Ba
Be
Bi

::
Cu
Fi
Ir
K
Li.
Mg

TableI
SpectrochemicalAnalysisof theGoldFoil

UsedfortheDeuteronandTritonIrradiations

Concentration
(DPm )

200

:2
<2

?4
10

::
<2
30
5
:;;

$

Element

Mn
Mo
Na
Ni
Pb
Pd
Pt
Rh
Ru
Si
Sn
Sr
Ti
v
Zn

FOILS

COOLING

I

Concentrate on

PPm)

<2
<2
<1oo

<:

<2
<2
<2
<60

BEAM

SOR

.
Figure 1. Target Arrangement

GUARD

for Bombardment

RING

of a Gold Foil Stack
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3 mm. in diameter on the front of the foil stack. Before

each bombardment, the foil holder was replaced by a quartz

window which glowed upon irradiation from the incident beam,

and a camera-TV remote vision system was

one could see where the beam was located

underway.

set up, such

while tuning

that

was

~or energies up to 16 MeV, the Los Alamos horizontal

Tandem Van de Graaff accelerator was used; for the 24.5 MeV

irradiations the vertical electrostatic accelerator (built

at Los Alamos) was used to inject the negative ions into the

Tandem Van de Graaff, constituting so-called “s-stage” opera-

tion.

B. Counting Equipment and Procedures

1. Cross Section Measurements

Each of the six foil stacks

12 gold foils and was irradiated

Ampere hours (-10-3 Coulombs) of

exposed contained from 9 to

with about 0.2 to 0.-5micro-

bea,m. The foils were re-

moved from their holder and centered on rectangular aluminum

plates for counting by gamma ray spectrometry on a semicon-

ductor system. All the radionuclides measured were detected

by their characteristic x-rays or gamma rays. The detector

system consisted of a Canberra closed-end coaxial, cylindri-

cal Ge(Li) crystal of 31 cm3 active volume. At the
60C0

1.3325 MeV photopeak, this detector has a resolution of 2.OT

KeV FWHM, a relative efficiency of 14% (relative to NaI) and

9



a 41:1 Peak/C ompton Ratio. Also included in the spectro-

meter system were a Geoscience Nuclear Model 7000 multi-

channel analyzer, and a Canberra Model 8060 analog-to

digital converter. The spectra were stored on a magnetic

tape by a PDP-9 computer, which also controlled the pro-

duction of plots by a Calcomp 565 plotter.

The tape-recorded gamma spectra were analyzed on a CDC

6600 computer with the computer program BRUTAL.10 The com-

puter analysis provided energy and activity information on

all statistically significant gamma-ray peaks, and from this

data the zero-time activities were calculated.

The zero-time activities for the samples were obtained

from a least-squares analysis of the decay data with the

computer code SKITZO, which resolved the various decay com-

ponents in each sample. This code was originally written by

Moore and Zeigler, 11 but the program used was a more recent

version written by Ford. 12 The function

K/2

1

z

Aj(0)

Yi=r
(

e-Ajti _e-Aj(ti + Si)
Aj )

9

i
j=l

is fitted to the data by least squares, where ti is the

time the count begins, Si is the count length, Yi is the

corrected average counting rate observed during the ith

counting interval, K is the total number of parameters (half-

lives and zero-time activities), and Aj(0) and ~j are the

10
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zero-time activity and decay constant to be determined for

each radioactive species j. Chosen in this way, the function

takes into account the decay during each counting interval.

The total number of particles hitting the target was

determined by a digital beam integrator connected to the

target holder. Table II gives the number of particles

calculated for each bombardment.

The relationship of gamma detector efficiency to photon

energy was determined for each of several source-detector

distances by use of International Atomic Energy Agency

standards (Set 64) and Isotope Product Laboratory standards

(Set 123~ and Set 14103). The standard gamma-emitter discs

were centered on rectangular aluminum plates and counted in

the same geometry as the gold foils. The areas of the

appropriate gamma spectrum peaks were determined by the com-

puter code BRUTAL,lo and the efficiency calculations were

carried out in the usuai way. That 1s, the efficiency at a

given energy, VY, is equal to the measured gamma detection

rate divided by the gamma emission rate of the source. A

representative efficiency vs. energy curve is shown in

Figure 3. A least squares fit of the logarithm of gamma

efficiency versus the logarithm of gamma energy was perform-

ed in the region 200-2000 KeV, using the computer code CAK,13

which fit this relationship to the formula V = XEY, where

V = efficiency, E = energy of photon and x and y are con-

stants . The standard deviation in the least squares fit was

11



l’ableII
The Number of IncidentDeuterons or TritonsStrikirg

the Foil Stack for Each BombardmentEnergy

Number of Particles
Enerw MeV IncidentParticle StrikingTarget

12.000 deuterons 3.0572x 10’6

12.000 tritons 1.2464x 1016

16.000 deuterons 4.8016 X 1015

16.000 tritons 1.3827 X 1015

24.4oo deuterons 2.4921 X 1015

z?4.600 tri~ons 2.4313X 1015

I I I I o I I I I I i I I

CN45shelf10 faceup

o

—

\
1 [ I 1 I 1 1 I I I I I

102 I 03

Energy (keV)

d

Fi~re 3, Representativey-pealcefficiencyvs energycurve for the germsnium
detectorused in this studyat a sourcedistanceof 8,90 cm.
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calculated as a function of energy between 200 and 2000 KeV,

using the following formula, which combines independent and

correlated errors:

‘v“ i(32s:+(32s:+2P.Y(W%)S.’Y

The partial derivatives of the equation V = XEY are

av
z= Ey = L and ~ = x(lnE)Ey. Since O=SxSy is the correl-X

ation coefficient, then the standard deviation is calculated

as follows:

d( )

~=11 SX2 + (lnE)2Sj + 21nE\x (C.C.)
T

The percent error was determined using the equation, % error =

100 ~/V (68$%confidence level). A representative error plot

is shown in Figure 4.

This analysis gave the following expressions for the

efficiencies of the Ge(Li) detector over the energy range

E
Y

= 200 - 2000 KeV:

Shelf 15: VY = 1.92910 X 10-1 E -0.96273

Shelf 10: VY = 1.03611 E-0*98901

Shelf 7: Vy = 4.30938 E-1”04148

Shelf ~: Vy = 1.16473 x & E-1c09558

Shelf 1: VY = 4.06952 X 101 E -1.14874

The cross section (a) for production of a given reac-

tion following collision of an incident projectile with a

target nucleus may be defined in terms of the effective area

presented by the target nucleus. Since generally such



14

160

120

s
~
u

$
g

LL.1

80(

400

percent Error

Figure 4. Representative Energy vs Percent Error for
efficiencies over the range 200-2000 KeV
for a source distmce of 8.90 cm.

.



collisions can give rise to several different kinds of

nuclear reactions (“reaction channels”), each kind of reac-

tion has its own cross section at an individual incident

particle energy. The total cross section for all reactions

is commonly of the order of about 10-24 cm2
= 1 barn. The

thin-target cross section is defined by the equation:

a = Np/Nt(It),

where N
P

is the number of nuclei of a particular isotope

produced, Nt is the number of nuclei per square centimeter

of the target normal to the beam, and (It) is the total

number of incident particles. The amount of a product made

is computed

where A. is

constant of

from the measured activity:

Np = Ao/~Va,

the zero-time counts per minute, A is the decay

the nuclide produced, V is the detector effi-

ciency of the gamma ray emitted from the nuclide produced

and a (abundance) is the number of photons emitted per decay.

The cross section can be calculated by combining the two

previous formulas, such that

a = Ao/WVt(It).

As an example, if one considers the 197Au(d,p) ~98gAu

reaction at 11.92 MeV, the cross section for this reaction

can be calculated using the 411.8 KeV gamma ray emitted dur-

ing decay of ~98gAu , The activity at zero-time for this

gamma ray was determined using the program SKITZO to be



7,5825 x 104 (c/m), the number of target nuclei per cm2 was

2.409 X 1019, the number of incident particles was measured

16
to be 1.2464 x 10 , the efficiency of the detector was

1.5909 x 10-2 =d the constants A and c have been measured

to be 1.7841 x 10
-4

min‘1 and 0.95Q2, respectively. Substi-

tuting these values into the previous formula gives a cross

section of 9.324 x 10-26 2
cm ; i.e., 93.24 millibars.

For the purpose of simplicity, the zero-time for pro-

199mHg, was takenduction of the radioactive species, except

to be the midpoint of the bombardment, and the error intro-

duced was less then 1%. The zero-time activities of 199mHg

were calculated

bombardment for

tion factor for

by correcting the activity at the end of

decay during the irradiation. This correc-

decay during an irradiation of constant in-

tensity and of duration 7 is given as follows:

2.

The

c= 0.693 7/tL

1- e-(0.693 ~/t#

Energy of 2H and 3H in Gold

midpoint energy of the incident

was determined using the Tables of Range

beam for each foil

and Stopp ing Power

of Chemical Elements for Charged Particles of Energy 0.5 to

5!Q_J@l by Williamsonj Boujot and picardo
14

The range

(mg/cm2) of the incident particles on gold and aluminum are

given, and if one subtracts the thickness of the foil

(mg/cm<), these tables can be interpolated

energy corresponding to this new thickness

energy is obviously, the average energy of

to find the

(range). This

the beam particles

16



after passing through the foil.

the average of the beam energies

through the foil.

The midpoint energy is just

before and after going

As an example of this calculation, consider the case

where 11,829 MeV tritons are incidental upon a gold foil of

?.88 mg\cm2 thickness. The table lists the range for 12.00

MeV tr.itons as 258.6 mg/crnz and for 11.00 MeV tritons as

227.8 mg/cm2. The energy after passing through this foil is

then calculated by interpolation.

R.
In = [(258.6 - 227.8)(.829) + 227.8] = 253.33 mg/cm2

R
out = (253.33 - 7.88) mg/cm2 = 24~.4j mg/cm2

E
out= (24~.4~ - 227.8)/30.8 + 11.0 = 11.573 MeV

~p = ‘Ein + ‘OUt )/2 = (11.829 + 11.j?s)\2 = 11.TOIMeV

17



197mHg ad 197gHg Activities3* Determination of

Since the gamma rays detected for 197gHg ad 197mHg

resulted from rather weak electron-capture decay branches

as shown in Figure j (197mHg ~ 19@@ ~ 2.3$), the6.3% and

in photons per decay~ asabundance of these gamma rays,

based on published decay scheme data could be subject to

significant error. Therefore, an additional Van de Graaff

irradiation of 16 MeV tritons on gold (7 mg/cm2) was per-

formed to produce samples of these mercury activities which

could be assayed by absolute gamma counting.

After bombardment, the mercury was separated from the

gold target

and WU.’5 A

addition of

using a modification of the method of Friedlander

gold foil was dissolved in aqua regia, and after

a few milligrams of mercuric carrier, the solu-

tion was evaporated to 0.5 ml.on a steam bath. The solution

was taken up to 10 ml. in distilled water and extracted

twice with 10 ml. volumes of ethyl acetate. The organic

phase was stripped twice with 10 ml. aliquots of 3N HC1; this

aqueous phase was washed with 20 mls. of fresh ethyl acetate

to which 3 drops of 6N HC1 had been added. Hydrogen sulfide

solution producing the

The sulfide precipitate

gas was bubbled through the aqueous

black precipitate mercuric sulfide.

was washed thoroughly with a hard stream of distilled water,

which was then decanted. About 10 mls. of lM HNO was added
3

to the precipitate and heat was applied until boiling began.

.

.

.

.
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Transitions Labeled A~G were used for the NaI
Efficiency Calculation of ly?mHg (page 24)
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After boiling for about one minute, the solution was centri-

fuged, and the supernatant was decanted. The precipitate

was washed with distilled water and filtered onto a 0.8~

Millipore filter disc. Gamma ray analysis of the precipi-

tate showed that the gold concentration was less than 0.02%.

A portion of the HgS precipitate was placed on a piece of

filter paper. This paper was wrapped in Scotch tape and

inserted inside a piece of !17jrgontubing which was then heat

sealed. This sample, containing only mercury activity, was

gamma counted, first on the semiconductor system used for

all previous counting and then on a “41T”scintillation count-

er consisting of 5“ x 5“ NaI well detector and a RIDL 400

channel analyzer, Model 34-12E. The sample was counted for

two weeks (about twice a day), and the two-component decay

curve was resolved with the computer code CLSQ.
16

197mHg ~d 19?gHg decays!To determine the numbers of

it was necessary to know the detection efficiencies for

these transitions with regard to both the energy of the

photons observed and from decay scheme considerations. The

relationship of total detection efficiency to photon energy

had been calculated for the scintillation crystal by a Monte

Carlo calculation; this relationship is shown in Figure 6.

A small correction was made for the hole in the 41Tcounter

in which the sample was inserted.

The main advantage of using this NaI detector was that

the abundances of the mercury activities could be determined

.

.

.

.
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the Crystal Efficiency With an Aluminum Absorber of .265 Grams/’Sq.Crn.



with a minimal amount of decay scheme information, and a

very high counting efficiency is usually observed. If one

considers a decay event which only yields a single gamma ray,

but may be internally converted,

counting a decay is:

P= -v -1-l+ay

then the probability of

aK
1 + a“KvK ‘

where a~ and a are the conversion coefficients for K shell

conversions and total conversion of the gamma transition,

VY and VK are the detector photon efficiencies for the gamma

ray and K x-rays emitted, and UK is the fluorescence yield

of the K x-ray. The first term represents the probability

of counting the gamma ray, and the second term represents

the probability of counting the K x-ray if the transition is

converted (L, M, etc. , x-rays are not energetic enough to be

detected). For a cascade of two or three gamma rays the

probability of counting a decay is equal to one m~.nus the

probability of missing all gammas in the cascade, which is

one minus the product of the probabilities of not counting

each gamma ray in the cascade. If the probabilities of

counting each gamma ray in a cascade are represented by Pa,

‘b’ ‘C’
etc., then for a two photon cascade the probability,

‘T ‘ of counting a decay equals

‘T=l - (bpa)(l-pb) ‘pa+pb-papb ,

.

.

I

.

and correspondingly for a three photon cascade,
.

PT= 1 - (1 - Pa)(l -Pb)(l -Pc)

=Pa+Pb+Pc+PaPb- PaPc-PbPc+PPp
abc”
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In the case where a decay occurs by electron capture the

probability of observing a K x-ray is:

K
capt

‘EC = total capt ‘KVK ‘

where oK is the fluorescence yield of the K x-ray, VK is the

detector photon efficiency and K/total is the ratio of K

x-rays to total x-rays emitted (K + L + M + N. . .).

As an example of these calculations the probability of

197mHg decay, E( 197mHg), with the 5“ x 5“ NaIdetecting

detector, considering the photon energy and decay scheme of

the isomer (Figure 5) is calculated as follows:

E(197mHg) = o.063~ - (1 -PA)(l -PB)(l -PCD)l

+ o.937~ - (1 - PF)(l - PG)]
—

where, PA = ‘capt
total capt‘KVK ‘

‘B= 1 ’130
+ K130 K Kav,

1 + a130 1 + *130

‘~D’ [
2.016 I - (I?c + PE - PcrE)] + 0.984 [1 - PD]

‘C=l ’202 + ’202 “’KvK
1 + “202 1 + a202

‘D= 1 ’279 + ’279 ‘KVK
1 + ’279 1 + “279

PE= 1
’77

+ K77 CJKVK

1+ a77 1+ a77

‘F= 1 K165
‘165+1+~ “KVK

1 + a165 165

PG= 1
’134 + K134 WKVK

1 + a134 1 + ’134

23
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The values used in this equation were gotten from Bamb~ek,

17 18
et. al. and from Nuclear Data Sheets. The probability of

197mHg decay was found to be 0.624, and the proba-seeing a

bility of 197gHg decay was calculated in the sameseeing a

be 0.759.

parent and daughter mercury activities were detec-

manner to

Both

ted by scintillation counting, while onlY the daughter

~Ig?g
Hg) activity was detected for the 191.5 KeV transition

by semiconductor

scribes the case

the decay of its

counting. The general equation which de-

where a radioactive daughter was formed in

parent is derived
19 to be

[

‘2 ‘2 o -A2t
A2 =

‘2 -
Al%vle

‘A1t + ‘-‘2 - ‘lAl + ‘;)a2v2e 1
where A;, al, Vi and ‘1 are the detected activity in cpm,

abundance (photos\decay) , detector efficiency for a partic-

ular energy photon and decay constant (rein‘1) of the parent

activity, respectively. The subscript 2 refers to the same

quantities for the daughter activity. This equation applies

when only a daughter activity is observed as in the case of

detecting the 191.5 KeV 197gHg peak. However, both daughter

and parent mercury activities were detected with the scintil-

lation counter, and for this case, the first term of the

‘2 -Att
previous equation becomes (EIA~ + E2( .93)~ Al% )e #

2-

where Al and A2 are the detected activities of 19?m~g ad

197gHg, El and E2 are the probabilities of detecting the

.

.

.

.



197mHg ad 197gHg decays, which were previously determined

to be 0.624 and 0.759, and 0.93 is included since only 93%

l%’gHgo197mHg decays directly toof the

The abundances of the observed mercury transitions were

determined using the relationships of the previous equations.

The metastable state abundance was found to be .0424 photonsl

decay for the 279 KeV transition, and the ground state

abundance was found to be .00803 photonsldecay for the

191.5 KeV transition. Values calculated from decay scheme

data are .0449 and .00922, respectively. The values of the

197mHg abundance calculated from decay scheme data and de-

termined in this work agree very well, but a very signifi-

cant difference is seen in these values for 19TgHg, This is

to be expected, 19TgHgsince the 191.5 KeV transition of

decay is produced by a 2.1% electron capture branch of the

total decay, and the transition is highly converted (a = l.li’).

197gHg(191.s KeV) inThe determination of the abundance of

this work provided a much more accurate value than could be

gotten from decay scheme data.

4’ Error Analysis

The following experimental errors contributed to the

total error in the excitation function measurements. Total

charge measurements using the Faraday cup and beam integrator

are of the order of l-~~. The original Van de Graaff bom-

bardment energies were known to about .003 MeV, and errors

for the incident particle energy within the stacks are

25



estimated to be f.03 MeV. Errors in the weights and diam-

eter of the foils were less than 1%, but the nonuniformity

of the foil in the area where the beam struck will probably

increase the error for the foil thickness to about 1-2%.

Gamma ray peak analysis, using the computer program BRUTAL,10

resulted in errors of 1-2% for the peaks which had good

counting statistics and were well resolved; however, for low

counting statistics and/or poorly resolved peaks, this error

may have been as high as 5-20%. Since each foil was counted

many times resulting in many determinations of each gamma

ray peak, and these determinations were analyzed by a least

squares fit to calculate the zero-time activities, the error

in the final zero-time activities is significantly less than

for one peak area determination. In general, the detector

efficiencies were known to be better than 3% for the gamma

ray peaks used. The beam attenuation for all irradiations

was estimated to be less than O.~%.

The experimental errors generally amounted to about

8-107%. Only for the most unfavorable cases of low counting

statistics and poor y-ray resolution, the experimental errors

were about 20%. The absolute errors for these

depend on the decay scheme data used which are

Table III of the next section.

The amount of competing (n,xn) reactions,

measurements

given in

to the presence of high-energy neutrons and lead to the same

final nuclei as the corresponding charged particle reactions,

.
which are due

.
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was believed to be small. At a deuteron energy of 6.54 MeV,

196gAu is only 0.07’5rob.,the cross section for producing

which implies that very little (n,2n) reaction took place in

the foil

111,

stack.

Calculation of Theoretical Excitation Functions
Produced by Compound-Nucleus Reactions ‘

A. Optical Model Calculations

In the single particle model (shell model) of the

nucleus, each nucleon is considered to move in a potential

well which is generated from the average interaction of all

nuclei in the nucleus. The motion of any nucleon is assumed

to be undisturbed by the presence of all other nucleons to

the extent that they are collectively responsible for the

very existence of the potential well. The direct interaction

of an incident particle with a scattering nucleus uses this

concept. When a target is bombarded with a beam of particles,

some of the particles cause a nucleon in the target nucleus

to be promoted to a higher energy (inelastic scattering), in

other cases the target nucleons are left unchanged (elastic

scattering) , while other incident particles are absorbed in

the target nucleus forming compound nuclei. If a potential

well of depth U(MeV) represents the interaction of the par-

ticle with the nucleus, only elastic scattering can occur.

This is shown in most elementary texts 20
by substitu-ting the

potential U into the one dimensional Schrodinger equation,
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resulting in no absorption. Therefore, to include all other

types of processes together with elastic scattering a poten-

tial well having both a real and an imaginary part is neces-

sary.

The new potential is described by the formula

U = UO + iWO,

where UO represents the real part of the potential and WO

represents the imaginary part of the potential. The value

of WO is directly related to absorption; such that, a large

value of WO corresponds to a short mean free path of the

incident particles (of a particular kinetic ener~) in the

target nucleus resulting in strong absorption.

Usually a very sophisticated potential is used to de-

scribe the optical-model potential, and optical-model param-

eters are included, which can be varied to obtain a better

fit to experimental data. If all the parameters entering

such a complicated potential were treated as free, most

experiments could be fitted, and the fit would be meaningless.

Therefore, it has become customary to carry out analysis with

somewhat restricted forms of the potential.

The optical-model parameters used to calculate the

total reaction formation cross sections as a function of

energy were taken

The computer code

sections up to an

from the work of Fricke and Satchler21

OPTIC
22

was used to calculate these cross

energy of 25 MeV.
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The optical model is used to calculate reaction forma-

tion cross sections, To determine what residual product

nuclei are produced in the reaction, it is necessary to

follow how the excited compound nucleus dissipates its

initial excitation energy.

B. Pre-Equilibrium-Statistical (Hybrid) Model

A hybrid combination of existing statistical (compound-

nucleus) and pre-equilibrium models was used to calculate the

reaction cross sections of deuterons and tritons with gold.

The statistical model assumes that an incident particle is

captured, and its energy is randomly shared among the nucleons

in the compound nucleus, which then de-excites by evaporation

of particles and emission of gamma rays. A pre-equilibrium

process was proposed by Griffin23 to describe the compound-

nucleus before equilibrium is reached.

In this model the i~eident particle and the target

nucleus are assumed to form a complex state. This state is

characterized by the total number of protons, neutrons and

holes sharing the excitation energy, which is known as the

initial exciton number (Figure 7). The system is assumed to

equilibrate through a series of two-body collisions allowed

by the Pauli principle. As a result of these collisions,

the total exciton number can remain unaltered or change by

two units corresponding to the creation or annihilation of a

particle-hole pair. The probability for particle emission
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Figure 7. The first few stages of a reaction in the
pre-equilibrium model. The particles are
shown as circles and the horizontal lines

.

*are equally spaced single particle states
in the potential well.
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at each intermediate state is calculated, depending only on

the available phase space and the branching ratio to more

complex states with higher exciton number. The transition

rate for internal transitions (from n-exciton state to the

n + 2 state) was determined from calculations by Kikuchi and

Kawai24 of the average mean free path of excited nucleons in

matter. These values were obtained from nucleon-nucleon

scattering cross sections.

Since intermediate state densities as in the exciton

model and transition times based on nucleon-nucleon scatter-

ing data are used for calculation of reaction cross sections,

this is called the hybrid model.

The computer program ANREAC2S was used to calculate the

theoretical excitation functions by determining the possibil-

ities of particle and multi-particle emission both for pre-

equilibrium emission and for emission from equilibrated

systems. An intensity of the emitted particles is calculated

for each reaction and divided by the intensity for all reac-

tions. The total reaction cross section gotten from an

optical model calculation is multiplied by this fraction to

obtain the residual product reaction cross section for each

incident particle energy desired.



IV. Results and Discussion
.

A. Gamma Emitters Produced

After the Van de Graaff irradiations, the target foils

were gamma counted as previously described. Representative

gamma ray spectra are shown in Figures 8 and 9 of deuteron

(Em = 24.3 MeV) and triton (%P = 24.5 MeV) irradiated gold

foils. All statistically significant peaks in these spectra

were identified with respect to the gamma emitters produced

during the bombardments. Cross sections were determined for

all identified nuclides over the energy range studied,

The gamma ray energies and abundances and the half-

lives for the various product nuclei are shown in Table III.

The references for the decay data in this table are shown in

parentheses.

1%’Au(d,x)andExcitation Functions for the 197Au(t, x)B.
Reactions

197Au(t,d)198mAu , 197Au(t, d)198gAu ~d 197Au(t,p)199AU1.

The values of the experimental cross sections and in-

cident particle energies are given in Table IV for these

reactions. Experimental and theoretical excitation functions.

are compared in Figure 10. The theoretical excitation func-

tion includes both metastable and ground state products form-

ed by compound-nucleus reactions. These experimental reac-

.

.

.

tions are shown as (t,d) reactions; however, (t,pn) and

(t,np) reactions also occur and are the main reaction channels
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Residual
Nucleus

1951n~g

195g~g

196mAu

196gAu

197mHg

197gHg

198mAu

Table 111

Decay Data of the Residual Nuclei.

from Triton and Deuteron Irradiations on
197~u

198gAu

199~u

199mHg

28
Mg

Half-life

40.Oh (26)

9.jh (28)

9.7h (30)

6.183d(31)

23.8h (33)

64.lh (35)

2.32d (37)

2.6g8d(39)

3.139d(41)

42.6M (42)

21.07h(43)

E (KeV)
Abundance

(Photons per decay)

18o.1 (27’)
261.8 (27) 0.341 (27)
38?.9 (27)
560.2 (2’7)

200.4 (29)
20’7.1 (29)

147.8 (3o)
168.3 (30)
285.5 (30)
316.2 (30)

333.0 (32)
355.7 (32)
426.o (32)

134.0 (33)
165.0 (33)
278.9 (33)

191.5 (3’5)

180.0 (37)
204.1 (37)
215.0 (37)
333.5 (37)

411.8 (40)

158.4 (41)
208.2 (41)

158.4 (42)
374.1 (42)

400.6 (44)

0.0175 (29)

0.446 (30)

0.876 (32)

0.0424 (34)

0.00803(36)

0.771 (38)

0.$54 (40)

0.396 (41)

0.493 (42)

0.361 (44)

33



u

rllil I I 1111111 I 1 illJlll I I
m— Ill Ill I I I

~=

I

II I I I IJII II 1 I I 111,, ,, ,
‘g

I
‘//

1111111, I o
‘~ -g

l@uuDq3/sJuno~

.

34


