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ABSTRACT

Formation cross-sections for deep spallation

products of the target nuclides Ho,Tm,Ta,Re,Ir,Au,Bi,

homharded with

480 MaV protens h

" AvrAn R A e mee e o 3 P N
r o~ AV CA VO w

cen measured at the
TRIUMF research facility in Vancouver, B.C. The products in
question, which differ from the target mass by as much as 45
nucleons, are characterized by alpha emission and also by

half-lives ranging down to the order of one second.

A gas-jet recoil transport system, using ethylene gas
as the carrier, was developed to transport the nuclides to
be studied from their point of production to a shielded

detection location, in measured times of about 1.5 second.

The transport efficiency of the TRIUMF gas-jet system,
for the elements to be studied, was calibrated by means—of
'
the comparison of the intensities of the characteristic
X~-ray radiations emitted by nuclides caught on a catcher
foil placed immediately behind the target and the activity

caught at the end of the gas-jet system. The overall

transport efficiency was determined to be of the order of 7%.

The effective target thickness in the gas~jet system

was determined as a function of dA (the change in mass



k7

number between the tafget‘and the product). These data were

obtained using the thick target-thick catcher method.

The characteristic-alpha decay of the subiject nuclihes“
was employed to mea;ure, absolutely, the decay rate in the
presence of a large gamma-radiatioh background from the
other spallation products. A typical experiment consisted
of a series of measurements taken as a function of delay
time in order to provide both alpha-ene;gy and half-1life

data to assist 1in radio-nuclide ‘assignment.
]

-

Tﬁe absolute in{eﬁsity data, together with the other
information indicated earlier and monitoring of the iﬁciaent
proton beam by means of a secondary emission monitor,
permitted calculation of absolute formation cross-sections.

ixd

In general, these are believed to be accurate within a factor 2.

These measuréd cross-sections have been compared with
calculated values obtained with two computer codes. The
agreement between the experimental data and results of the
sgmiaegpirical\calculafionsvdue to Silbgrberg and Tsao
<§hich are basgd on thelcross-Sect;on systematics due to
Rudétam) wés generally poor, the calculated valugs being too
low by one or two orders of magnitude. Agreement with.

calculation obtained via the VEGAS code plus de-excitation



calculated following Dostrovsky, Fraenkel and Friedlander was
better, althoﬁgh a single set of calculation parameters did

not produce agreement over the complete range of target and

prodpc} compositions.

_The possible reasons for this disagreement are

discussed}
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I - INTRODUCTION

Studies4of the interﬁction between medium eggrgy
ﬂrotons and mediumépo heavy massriargets are mainly
performed; either by measuring the characteristics of the
variods particles emittéd in the process (i.e.: Azh.59,
Ber.63, Coc;7i, Ber.73, Bla.76, Ber.78, Lux.78, Gre.78), or
by determination of the production cross-sections of
radioactive residual nuclides (i.e.: Fri.55, Bey.67,
Cum.68, Sah.72, Hey.72, Gar.73, S1i1.73, Eri.75). These
approaches have led to a great deal of understanding'of the
phenqmenon, and have resulted in the formulation of a
two-step interaction model described in‘detail in section 1IV.
The first (fast) step; the so-~called prompt-cascade or |
pre—-equilibrium phase, is thought of iﬁ tgrms of direct two
body inte;aétions between the projectile and nucleons in the
target nucleus, and bétween target nucleons as the cascade
develops. At the eqd of ;he cascade, some amount of
residual energy'is shared between the nucleons and
de-excitation occurs during the second "evaporation” stép

through statistical emission of various particles.



One characteristic of this interaction is the large
number of so-called spallation prqd;cts, in contrast to
heavy=-ion induceéd reactions that lead‘to a relatively‘small
number of proqucts. During the evaporation step, the
emission of neutrons is favoured compared to the emission of

.
protons‘and, as a result, the resulting nuclides will be
generally ngutron deficient, in contrast to the products

resulting from such reactions as fission (spontaneous or

induced) and neutron capture.

Thg two step model has beeﬁ very successful in
reproducing most of the»ggperiﬁéntal data, particularly
those events leading to fgw excitation energies, and hence
to residual products close in cémposition to the target

nucleus (Sah.72, Hhr.74, Ber.78).

Among the computer codes (described sect.IV) which
rfproduce the prompt intranuclear cascade phase, ISOBAR or
VEGAS are frequently used. They offer the advantagg of
following closely the physics of the interaction as it is
presently unders;ood, énd have the pqtential to yield ﬁore

detailed information than éther codes based on the

pre-equilibrium model (Exciton and G.D.H. models).



Furfhermore Fhe information needed to perform the:-
computggiqps are largely ext;écted from experimental data on
nuéleon-nﬁcleon interactions, thus leaving few dégrees of
freedom for parameter adjustment. Tora large extent they
have been tégted by comparison of the barticle speﬁ%ra that
they prédigt with'the‘experimenta} resu}ts. Other aspects
of the interaction between incident nu?leons and complex
nuclides can be compared as well,‘such és production}
ﬁ?oss-sectibns of residual ﬁﬁclides, or recoil eﬁérgies. >:}
Howeve;, there are still some open questions; for example,
the‘more‘s;phisticated versions sometimes.yield poorer

agreement with experimental results than simpler versions do

(Che.58, Ber.74).

The yield pattern of the residuai,nuclides foliowing
the intranuclear cascade can be addressed experimentally by
measuring the cross-sections for tﬂe production of nuclides
at various degrees of femoteness in composition from the
target. In the present work, nuclideé prodﬁced by emission
of between 15 and 40 nucleons have been studied, and their
yields are expected to be strongly influenced by the
excitation energy distribution of the residual nucledi

fbllowing the intranuclear caﬂﬁade step. One advantage of



the cross~-sections measured in this work, is that they were
obtained for very neutron deficient nuclides; therefore the

B
measured cross-sections are probably for independent formation

rather than cumulative, and are thus more informative.

‘In addiiion to their theoretical'importénce; the data
obtained in this work have some practical utility. They
bring cross-section information in a region where there was
none thﬁs'far and, as a result, they will allow improvement
of-the‘various,fecipes and computer codes for calculation of
nuclear feaction prqducts yields (e.g. due to Rudstam
(Rud.66) ,and Silberberg and Tsao (S11.73)) which are of
cohsidérabié importance in the design of accelerator
shielding‘and estiﬁating residual activity generation

~

résulting_};om their operation. The correction of such

" codes, by means of data for nuclear reaction products of

5
o

composition remote from stability, allow their calculation
of the more prominent products of composition closer to

stability with greater accuracy.

Such improvements may be even more critical, wheﬁ
designing experiments where the production of low=~yield
.s8hort=1l4ived radioactive nuclides is intended. Such 1is thg

case for proaucﬁion of radicactive samples” for spectroscopic



'purpoees s as well as in- the (rapidly expanding) field of
, o - ' , ’
production of radio-isotopes for pharmaceutical use.

0
’

However, 1in the p}esent work a eumber of experimental
difficulties needed toﬁbe‘surmouneed, resulgipg from the
very short half-lives aﬁd‘loé yields of the nuclides to be -
egamiﬁed. Thus-mueh of this thesis is concerned with the
development of necessary teehni{ues, including those of the

3 . 3

so-called gas—-jet recoil transport system for radioactive

"nuclides.

8

The work described in this thesis wes performed at the
TRIUMF resea;ch facility in Vaneouver B.C.. TRIUMF is with
SIN (Zurich-Switzerland) and LAMPF (Los-Alamos U.S.A.) one
of three high inteneity medium-energy accelerators. The
rfacility wags well suited to this study due to the high
intensity and energy range of the proton beem available.
TRIUMF had iqitially been in;ended to be mainly used as a
"meson factory", but, it has lately terned out to be
excellent for éroton experiments, including production of

polarized protons, althodgh these were not used in the

present sthdies.
P SEES



I1 - EXPERIMENTAL TECHNIQUES

The nuclides of which the yield has been studied
in'thevpresent work are short lived,,tvoically from one .
second to several minutes in half;life, and produced with
.low cross—sections. Thusvrapid and efficient transport to
. the detection set-un was neededr and a method of detection
.was required which would provide discrimination against a

4re1ative1y intense beta and gamma radiation background from

radionuclides produced in much greater yield.

A4

The gas-jet recoil transport system was a satisfactory
answer to the first point. One characteristic of ther
"gas-jet transport system is its weak selectivity in "2",
vhich;means that in principle 1t transports the hundreds or
80 spallation products. to the counting station with similar
(although not necessarily identical) efficiency. The
necessary detection selectivity~yas achieved by taking

advantage of the fact that deep spallation products from

medium mass targets are characterised by their alpha decay.

Alpha radiations can be measured with good sensitivity and
resolution in the presence of a strong background of beta

and gamma radiations.



y
As will be seen section II-B various other types of
experiments were needed, some involving X- and Y-radiation

H

measurements, in addition to the main measurements on

a-radiations.

All the ekperimen}s were performed under computer

control of the’gas-jet and data acquisition apparatus.



1

11-A - Experimental set-up.

v

1) Irradiation facilities.

The work presented in this thesis has been

performed almost entirely using the proton beam‘delivergd by

A

TRIUMF.

TRIUMF is anm H™ rélativistic isochronous ce¢yclotron
ngocated on the campUsrof the University of British Columbia.
aIt is operated jointly by the University of Alberta, Simon
Fraser University, the University of Victoria, and the

University of British Columbia.

Two or more proton beams .can be extracted by
iqterception of Fhe H”™ internal beam with Stripping féils
of low Z material. The proton beam energies are
indi;idually variable from»180 to 525 Hee by appropriately.
choosing the H™ orbit of interception.‘ The extracled
intensities Ean also be independently adjusted, since. it

depends upon the fraction of the H™ internal beam

intercepted by the stripping foils.

-]

There are, presently, two main beam lines (Fig.l)

- Beam line 1 (in the meson hall) is capable of catfying a




w

Figure 1

The TRIUMF facility.
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. / . ;//
high inteﬁhity proton beam‘(up to 100 pa af 500 MeV). As.
suggested by the name given to its location, its ﬁain
purpose is‘tQ produce mesons.

- On the other side, in the/pgoton hall, beam line &
(divided into A and B) is designed,for low (few nanoamperes)

to medium (up to 10 pamperes) proton beam intensities.

The irradiation facility used for these studies was
located in beam line 4A, as indicated in Fig.l. After passage
through upstréam experiments, the beam was refocussed by
three quadrupoles magnets, so that the beam size at theh
location of the gas—jet system targets was of the order of
one square centimeter. A secondary emission detector
located just downstream of the gas-jet system monitored the:
beam intensity through the electron emission from gold foil

surfaces struck by the proton bean. _ ‘

‘Allbthe irradiations in the present work were performed
at a 480 MeV bombarding energy, an energy close to the |
maximum available (525 MeV) and for which a good beam line
tune was available, the proton-beam current was generally of

the order of one micro-ampere.



themselves to carriers (clusters or draoplets) that may be

11 .

2) The gas-jet transport system.

This section gives a general description of the
gas-jet transport systéﬁ and its components; a more dé}ailed

investigation of its characteristics can be found in

section II-B.

When a ﬁagget nucleus is struck by a projectile
(Fig-i), it may undergo a nuclear reaction; iféso either
from the initial projectiie-target interadtion, or the
subséqueﬁt evaporative de-excitation process, it will in
general acquirebsome kiﬁe;ic energy. Deﬁending upon ;ts

-

range in the target material, and how far from the surface
o i
of the target the site of the nuclear reaction is located,

this recoiling nucleus may or may not escape from the target

material. Some fraction of all nuclear reaction products  in

a foil target will however do so.

In a 'gas-jet system, the escaping nuclear reaction

products are then thermalised in a small“("production")

chamber filled with a gas kept at a constant pressure (in

the present system -~10 torr). Once thermalised, they attégh
' 1

.

“‘present in the gas, and are transported with the gas flow to
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Figure 2

Schematic representation of the recoil of nuclides from
a tbick target and thermalization in a éas filled chamber.
R = average range of the ;eaction-produc;s A and B
The nuclides of type -A- will escape from the target
material if their momentum vector is directed within the
cone of angle a. |

The nuclides of type -B- will be trapped inside the target.
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a remote "collection” chamber. o

Thus the transport of radioactive nuclides by a jet of
gas can be divided in three steps. »
step 1 : production

"

2 : transport - : :

" 3 : collection
2,1 - Production

A sketch of the irradiation cell can be found-in
Fig.3. A small‘target chamber was inserted inside a largér
chamber permanently bolted to fhe beam line, allowing
modification of the target_chamber geometry without

perfurbing the beam line vacuum.

o~

The reaction chamber was of cylindrical form, with 5 cm
inner diameter and 4 cm in length. Such dimensions kept the
time in which the radiocactive nuclides were swept out of the
chamber as short as'possib%gf while assuring.that most of
the most energetic recoiligéhﬁroducts would be stopped in

the gas, and not become buried in the chamber walls.

Both chambers (inner and outer) under normal operating

-conditions were at a pressure of ~10 torr, and separated

j‘]s

g

[
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Figure 3

Schematic representation of the irradiation éell:

-~ The larger chamber served as a housing to the

e
-3

small production chamber.
~ The target ladder could be réised or lowered Zo
position the desired target in front of the

production chamber

~ The gas flowed through the system as indicated by

the arrows at the top of the figure.
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f:ém the rest of ﬁhe be;m line by stainless-~steel windows
(~20mg.cm~2) on either side. A six-position remotely
controlled target Iédder.brought a chosen target foil into
?poéifion for irradiation (}n frontvof the production
chamber). | »

& ’ o ]

'The targets were métallic foils of which the details _
.are given in Table I. The effective target thickness of
these targets for the ﬂroduction of nuclides recoiiing into
ﬁhe réaction chamber gas; wgsvof the ordér éfifew
hunaredé ug.cm'2 (gpgut(SpZ of the maximum recoil range).
Thus, since total f;ii thicknesses were typically 20 to
200 mg.cm'z, all the foils were infinitely thick compared
with this range, and if w;s neéessary to measure the
‘effective target thickness‘(from which the various products
to be studied were derived). The procedure used 1is

3

described later.
2,2 - Transport ST

The gas -~ under differential pumping - flowed

into a capillary tubing (4mm

‘ihgough the reaction chamber
h - : . ?
inner diameter, 30m long) connecting the target chamber with

the collection chamber, which was located in an area with a
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Table 1

Target Thickness Purity‘ jTypi;al impurities*
element in mg/cm2 in % in ppm
Ho? 100. 99.9 Er(200),Eu(100),Tm(170)
Tm& /200. 99.9 Dy(100),Ho(100)
Tab . 12.5 99.96 W(10)
Re? 50. 99.99 | W(10)
1ra 112. 99.9 Pb(30)
Aub 24. 99.999 3
Bib 3.5 99.9 k
B o
* - Only those impurities which could Havekiiferfered with
ghe results of these studies are listed.

The target materials were obtained from :

1

a) - ALFA products, a division of Ventron corporation
16207 South Carmenita Road, Cerritos, California 90701

b) - Good-Fellow metals, Scieﬁce Park, Milton Road
Cambridge. CB44DJ (UK)
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a

radiation background low enough to permit,radiation
measurements. THe.thermalised pfoducts ﬁere sﬁept out of
the reaction chamber by the gas stream, #nd those that were
not attached to clusters or other carriers were lost
presuhéﬁly through Brownian motion to the-wail of ‘the
capillary (as described in Appendiifl). Those atta&qed to
carrieés of adequate size (as will be seen section II-PB)
were focussed into the center of the capillary (as explained
s

in Appendix 1), and, as a consequence, sustained little loss

during transport even over long distances.
2,3 -~ Collection

At the output of the capillary thbing Fig.4,
(insidé the collectiom chamber), the gas impinged on a
~surface }the collector), and the nuclear rgaction p%oductg
adhered to it, forming a spot of radioactivity of a size
(;Amm diameter) suitable for radiation measurement. Iﬁvthe
presént s&stem, the collector was a used coﬁputer tape
(mﬁterial vhich was readilyravailable and, due Lo its low
- "Z", would produce little alpha backscattering).‘ It could
be moved by a modified tape drive mechanism, at regular time

intervals under computer control, to position'the

radiocactive spot in front of a detector in an adjacent
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Figure 4

Schematic ré?resentation,of the collection chamber

-~ at the end of the gas-jet system.

1)

2)

4)

6)

7)

30m capillary tubing carrying the bthylene gas

(and clusters) from the irradiatien cell of Fig.3

Spot of collectea radioactivity on a movable
computer tape (3)
Alpha detector assembly

a) surface barrier Si detector (200um thickness)

- b)) collimator (8mm diameter)

Thin lucite window (- 70mg.cm 2y to minimize
X-ray'absorption when "on line" X-ray

measurements were perforﬁed

Diétan;e between the collection tape a;d ;he);lpha
detector, was ~2mm in normal running conditions

Regulated air inlet maintained pressﬁre'~2 torr

around alpha detector assembly

a
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~

chamber (Fig.4). =~
3)'Detectorévéndvelectronics.

. $ince the nuclides investigatéd were alpha
emitters, the detector which was utilised for most ofvtﬁese
studies was arn alpha.deteéfor, while some of the
supplementaryiexperiments,(described in section II-C) were

performed using either a gamma or a X-ray detector.
3,1 - Alpha detector

< This detectér+was a standard Ortec™ 200 um
transmission sﬁrface barrier silicon detector.ﬁodel
TB-17-100~250; its quoted energy resblution was 15 keV.
Such a detector cannot operate in the gas-pressure range
1x1072 torr to ~2 torr due to surface breakdown of the
)
detector potential; since the collection chamber was at a °
pressure of 2x10-1 tofr, the detector could nét be
operated in the collection chamber itself. A second phamber
was therefore constructed (adjacent to the collection-
chamber) (Fig.4), which was képt at a const;ﬁtipressure of
2 torr by differential pumping, an& intohyh%ch the collection

h ]

tape could be transported. This pressure was sufficiently
@ -

*%**x Ortec Incorporated, 100 Midland Road- Oakridge. TENN.37830
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high that the detector would not .be harmed, and
sufficiently low that the'enJigy loss of the alpﬁzjsarticles
along the 2mm path separating the tape from the detector was

negligible. The measured energy resdlution in this

environment was ~18 keV.

Under this arrangement there was always a flow of air
from the detector chamber to the gas-jet collection chamber
By ) :

through the small tapé-transport aperture between the two

chambers. This had two -important advantages :

oy

(=g

- It prevented the ethylene and fhe various organic
impurities mixed with it from reaching the detector. Th;;
is an impertant point, sipce this type of detector is very
sensitive to organic €ontamination on its'eqused front

surface. ¢

- It préﬁented the (small) fraction of clusters carrying

the radioactive products which might not ﬁﬁve been deposited
on the tape from contaminating the surface of the detector .
and surrounding areas, which would have ip;;rfered with the

measurements.

A cqllimatg{ (8mm diameter) was plaééd in front of the

WA

detector to insﬁ%g\that it measured only thg;g%pha partiéles



21

which came directly from the source (without scattering),

and not those from possible ambient contémination. It also

insured that the alpha particles were registered by‘the

central region of the silicon where charge collection was

more complete than at its periphery.

The energy calibration of the alpha spectra was

performed with the following radioactive sources (Nuc.73):

24100 5.5443 MeV

5.48574 "
5.44298 "

212py, ; (212po_64%) 8.7848

(212g3-.367) 6.09006 "
6.05077 "
5.7681 "
5.6071 "

(.35%)
( 85%)
( 13%)

(100%)

( 277%)
( 70%)
(1.7%)
(1.1%)

The 212Pb sources were obtained by collecting on

aluminum strips the 220

228Th source.

3,2 - X-ray detector

Rn resulting from the decay of a

X-ray measurements were needed (see section II-C)

when measuring the gas-jet transport efficiency. The

detector used was a .49 cm3 Ge(Li) low energy photon

detector (Ortec model 8133-10200 ).

The energy resolution
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!

] wés ~400 eV for the 59—keV~11ne'of 241Am. It was used for

two different types of measurements:

- 0ff line measurements: the radioactive samples were
§1a¢ed at calibrated positions in front of the detector
i
located away from the gas-jet system.
- On line measurements, that is measureﬁents directly on

the radioactive sbot as 1t was collected with the gas~jet

transport system. " In this case the detector was ppositioned

as indicated in Fig.4 and two correction factors had to be

applied:

a) The absorption of the X-ray through the “lucite window
was estimated by measuring the absorption of the 59-keV
gamha—ray from a 241an source. A value of 1.5% was

measured. This value was assumed constant and appliéable

over the energy rahge of X-rays measured (~40-70 keV) since

it introduced, 1in any case, only a minor correction.

b) The difference in geometrical efficiency between these
two sets of measurements (on and off line) was measured by
comparison of the counting-rate of the 59-kev line from a

241Am sourcee.

The reproducibility of the counting geometries was

2



23

¥

. ) . ' .“)r‘ .
found to be ~5% for the "on line" position, while that of
the "off line" geometry was ~3%. |

3,3 - Gamma detector

An Ortec Ge(Li) detector (model number 8101-1521W)
was used when measufing the effective target thickness of
gold and tantalum foils. Its energy resolution was 1.5 keV
for the 1.33-Mev 60co line, and its quoted efficiency Qas

19% relative to a 3"x3" Nal detector.
3,4 - Electronics

Only single (rather than coincidence) events
needed to be detected, and as a result the electronic
apparatus needed was quite simple. A diag;am of the set-up
is given at the lower part of Fig.5 in the case of‘the aipha
. detector. The only difference when using X-ray or |

gamma-radiation counting, was that the preamplifier assembly

-
J

was directly mounted on the cryostat (as is generally done §¥J>,

for a cooled Ge-Li detector). The Orteé, models.472 and4572,
spectroscopy amplifiers were the most Fignificant item in

the elect?onic apparatus employed, in maintaini;g good

energy resolution over the range of counting rates

encountered in the experiments. These ranged up to 1000
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Figure 5

o .

Diagram of the electronic set-up including both alpha

detection and computer control of the gas-~jet.
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events per second when measuring the alpha activity, and
5000 events per second when measuring the X-ray

radioactivity.

The amplifier model 572 was found to be particularly
reliable with no appreciable shift in peak position or
degradation of the energy resolution for counting rate well "
over 10000 counts per second. This is due to a comﬁingtion
of sever;l factors: a) an improved very symmetrical pulse
shaping, b) excellent baseline restoration, c) pulse pileup

rejection.
4) Computer control.

The gas-jet transport system and the data
‘acquisition systeﬁ were controlled by either a PDP-15 or a
NOVA-3 computér. A schematic of the most important features
of the apparatus is given Fig.5 and there was no fundamental
difference between the way the two computers functioned in

this respect.

The NOVA~3 was programmed using a temporary "home made
language called "DUMB" (writtenm by W.Bishop and A.Kurn). A
listing of one of the programs used to control the gas-jet

and data acquisition system is given in Appendix II
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(Fig.34), and the corresponding flow-chart is given Fig.6.

The PDPrIS programming was performed using the FOCAL
language modified by W.Bishop, A.FKurn and R.Torren to handle
the data Ecqui;ition,system, and aiso to allow the userrto
write and introduce machine language subroutines without
recompiiing the entire program. A listing of the part of
the program dealing with the data acquisition is given in

Appendix II (Fig.33).

Depending upon the computer used, the data were either
written on tape (in an event by event fashion) or stored in
the computer memory. In boi% case;, the data could be.
retrieved -during off-line analysis as a function of the
elapsed time after the end of collection of the radioactive
sample at the end of the gas-jetﬂ(similar to the end of
'bombardmenk in a dlassical radiochemical experiment).
Typically the time intervals into which the events or counts
were grouped ranged in length from .5 second for a
collection time df five seconds to several seconds in the

case of a collection timé of several minutes.

k4l



Figure 6

Typicailsimplified flow chart of a program used to

collect the data.

;Initially various parameters are set such as
number and length of time intervals into which
the collection time will be divided or distance

that tape will be moved.

- The tape 1is first moved to expose a fresh area

in front of the exit of the capillary

- After the selected length of time the spot of

8

\

radioactivity collected is moved in front of the

detector and counting i1s started. At appropriate

timejintervals, efther a special timing buffer is
N .

written on magnetic tape, or the data are placed

in different parts of the computer memory

- When the last time interval has elapséd, a switch

is interrogated and the run is either ended (with
various housekeeping operations performed) or a

new cycle initialized
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I1I-B - bperational characteristics of the gas-jet

recoil transport system

1) Previous studies

The t}anspoft of radioactive products from a
production site to a low background measurement area is not
new. Initially noble gases or volatile ¢9mpounds emanating
from a target were carried to a detector by molecular
diffusion (Al11.59). The gas-jet transport system as it is
presently used originated however with the accidental
discove;y in 1961 b} Macfarlane and Griffioen that nuclides
recoiling from a target and stopped in a chamber filled with
helium were carried with the helium that leaked out when a
pin hole developed in a silver foil window. The gas~jet
system principle was then independently proposed by Friedman

et all (Fri.62):an§ Macfarlane et all (Mcf.63).

Much of the initial work leading to the development of
this method 1is due to the work of Macfarlane and coworkers,
who indicated for example in 1962 (Mcf.62) that thermaiised
nuclear reacti§n products appeared to attach-ts impurities,

although the importance of this phenomenon was not realised
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until it was dehonstrafed»that the use of ultra pure helium
reduced considerably the’efficiency of transport of  the
gas-jet system. The mass of the species in impure helium
responsible for carrying the radioac;lvity was hgasured
(Jun.71a) to be of.the order of 106 amu with either

positive or negative charges.

This essenéially‘was the state of knowledge when the
development of the S.F.U. gas-jet transport system started.
‘Until that time the technique ﬁad been used mostly in the
case of heavy-ion induced nuclear reactions where thé
intense ionisation field produced by the beam passing
thréugh the chamﬁer led td the production of macromolecules
fr9m either oil vapours (always present) or impurities (such’

]

as benzene or water vapour) added to the helium.
2) Present work (\

The studies at S.F.U. by the writer in
collaboration with W.Wiesehahn, J.M.D'Auria and B.D.Pate
(Dau.73, Wie.73a, Wie.73b) were initial;y conducted with the
usual helium as tge carrier gas. The performance was

disappointing at first, and even the addition of impurities

such as benzene vapour failed to increase the tramsport
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efficiency over 1% for the products of the €€ission of 238y

induced with 14 MeV neutrons;

Substantial progress was made however when a new
impurity namely ethylene (selected amongst otﬁers for its
pﬁtentidl for producing free radicals under irradiation),
was introduced. Studies were performed on the transport{
efficiency it gave, both alone and in binary pixture with
helium and nitrogen,(baﬁ.73). Experimehts on the system
geometry (productiqn—chamber size, capillary-tﬁbing
characteristics) and its effect on transit time and
transport efficiency; tﬁe}iéfec; on collection of the
distance between the exit nozzle and the collector, as wellA

&

as a theoretical understanding of the system behaviour in
terms of classical fluid dynamics, all led to a working
system with a transport“efficienby"for fission products of -
the order of 70X. ‘It soon became clear,rﬁowever, that the
role of ethylene was quite different from that initially
thought, since consistently the efficiency of traﬁsport
droéped to near zero when the preésure in the ethylene
supply cylinder dfopged to about  40-50 atmospheres.

Investigations (Wie.73b) of this phenomenon led to the

conclusion that cluster formatigl in the gas near \the
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critical pressure and temperature was responsible for the

efficient transport of radioactive products by ethylene.

First the gas was checked for the presence of
impurities by the use of a mass spectrometer. No impurities
other than methane and water were observed (the 1imit of
detection was ~0.01%). Further addition of these impurities
to the ethylene gas did not produce any significant
improvement in efficiency over that with pure ethylene
alone. Also transport efficiency measurements performed E
with high=-purity ethylene yielded identical results with \\sgb/

those made when ethylene of lower quality was used.

Next, formation of liquid drops (resulting from partial
liquefaﬁtion of the ethyléne gas during expansion froﬁ the
supply tank pressure to the gas delivery line pressure) was
eliminated as a source of carriers by first varxing the gas
line pressure with no detectable effect, and byathe ’
insertion of a holding chamber as well as various kinds of
traps in the supply line, which would have removed droplets

had they been present: again the yield variations were

B
minimal.

Finally, studies of the temperature and pressure in the



Supp1§ tank below which ﬁhe transport eféiciency droppéd
abruptly led to the conclusion;(Wié.73b)«that tﬁese wvere
slightly above the critical tepperature and éreésure of
ethylene, wherg molécular cluster formation in the gaé tanka
might be expected to occur. Indeed éucﬁ clusters, in‘
ethylene'g;s under conditions near the cri;ical po;nt, have
been studied by Cataldi énd Drickamer (Gat;SO) who measured
a clustét mass of,3x107 aﬁu similar to the value which

Macfarlane et al (Jun.7la) had found for the molecular

clusters in helium carrying radioactivity.

Following the drop in pressure from‘the supply tank to
the gaé-jet suppiy line, such clusters in ethyléne would
,then be unstable and would(evaporate in a time which would
depend on many factors inciuding whether or not they collide
with a heat source. ‘E#perimentally, it was found that the
insertion in the deliﬁéryyline of Millipore* filters with
poré size of «5 and .8um caused ﬁhe transport efficien;y.to
drop to ée}o, while‘thé flow rate changed oniy by about 5%.
This woﬁld be consistent with the facﬁ‘that due to the

complex structure of the filters, the probabilIEy for the

*%*%* Millipore Filter Corporation, Bedford, Mass. U.S.A.
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ethylene clusters to collide with the filter material and
evaporate would be large, and thusvleadAto a zero

radioactivity transpoft yield.

-
Finally, further studies by W.Wiesehahn and J.D"Auria
via light scattering (Wie.74), gconfirmed the preseﬁce of
clusters in éthylene supplied from tanks with tempefa;ure
and pressure above‘the critical values (9.9°C,.50.5Aafﬂ),
and it was also shown (Wie.75) that aerosols of various |
liquids (i.e. methanol in a Nz carrier) also gave gboa
transport efficiency. The size of these clusters was
determined to be of the order of one micron in order to
<;achieve maximum transport efficiency. This has been
established both experimentally and theoretically (that 1s
analysis of losses that may o;cur due to sédimen;ation,
‘Brownian moti&nvas wekf/ag coagulation and evaporation) in
agreement with resu és obtained berollnik and co-workers

(Wol.75).

All these studies had been performed for the transport
of fission products. When the gas-jet system was moved to
TRIUMF, further experiments werelperformed to test 1its
performahces with spallafion products. Three types of

targets were used:
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- Gas targets - The gas studied flowed tﬁrough an aerosol
generator, wheré it was . seeded with droplets of ﬁethanol”
(Siée ;lum). The spallation products formed in the gas,
were picked-up by neighbouring droplets and carried 'to the
collection chamber by the gas . Aiternatively;;the tarscet
gas was mixed with ethylene gas which prbvided the necessary

clusters.

-~ Liquid targets - A gas (Nz or He) flowed through the-
aerosol generator filled with a liquid containing a compound
of the element to be studied (i.e. when the spallation

e RS .

products of 16dine were under investigation, the aerosol

generator was filled with CH,I,

- Solid-foil targets - This 1is the type described
previously, (ﬁear,the beginning of this chapter), and used
to obtain the cros;-sections of spallation products reported
in this thesis. Fig.7a displays.the efficiency of tﬁe
gas-jet (versus fhe flow-rate of ethylene) fof the transport
of alpha-active spallation/;;oducts recoiling frbm a solid
foil ta;get. fwo'types of alpha-activity were

simultaneously measured: that arising from the spallation

products of the target (in this case a Re target), and that
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Figure 7

¢

a) Gas~-jet efficiency for the total .alpha
“fadioactivity produced with a Re target (1) and
the radioacfivity due to the production from the
gas itself of alpha particlbs from 8L1 and 8B
deéay (2) as a fuﬁction of gas fiéw-rate.

b) Ratio of a(l) over a(2) as a function of the gas
flow-rate. Iheuarrow indicates the flow-rate of

‘gas employed during collection of the spallation

products.
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due to the decay of 8Lilaﬁd'83e (spallation products of
the ethyl;ne gas). The corresponding curves presént two
interesting aspects: | '

a) - While the data on each curve considered independently
fluctuate by a large amount, the ratio of corresponding
vyields seems to fluctuate very little as seen in Fig.7b.
This indicates that fluctuations in the transport efficiency
of the gas-jet system influenced the yield of spallation
products from the sofid targét and from the gas inrthe same
way. As a result the latter could be used As a mqﬁitoerf
the gas-jet system performancqhi;.e. wﬁen changing from one

3

target to another).
b) - It was desir;ﬁle to utilise the lowest flow—rﬁte of
ethylene compatible with a good transport yield in order to
minimise both, the build up of matefial on the coliection
spot (to maintain good energy-resolution) and tﬁe proportion
of ;lpha radioactivity arising from the ethylene gas, since
it corresponds to a broad peak at 1.5 MeV with a high energy
tail extending up to 5 = 6MeV (region in which the “
alpha=-activities of intérest are p;esent). From the curves,
3 -1

a flow-rate of 20 cm”.s was chosen, as indicated by

the arrow in Fig.7a.
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In conqlusion, the gas-jet recoil traﬂsport system, due

v

to fhe studies performed by many groups in various
countries, has in the last few years lost much of its aura
of mystery (a description of soﬁe of this research can be
found in Mcf.74). During this time, several teéhniques have
been devised to couple the recoil gas-jet transport system
with various devices in order?to provide a mean of
identification and/or separatioﬁ of the radioactive products
of interest. Such devifes includes : SYSAK (Tra-75) (fast

-~ chemistry), RAMA (Nit-70) (hollow cathode mass separators),

MAGGIE (Mcf-74) (time of flight).

However there are‘stiil aspects which are not fully
understood, for example, alfhoqgh a chemipal selectiyity of
thejgaé-jet has been observed B; several author (Wil.74,
Ko§.75; Cab.75), as well as by the writer, in collaboration
with the other members of the S.F.U. gas-jet research grbup
(Bis.76), dﬁring studies of the spallation products of the
gas target afgon (it was then noticed'that the halogen
activities were collected when the argon was seeded with
methano} ﬁropiets, while they were not when etﬁylene was the:

source of clusters), there is to date, no systematic'"

understanding of this phenomenon. The experiment described
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later is certainly the most compreﬁensive performed so far;
but shed little light on the mechanism respéhsible for such

a selectiviﬁy.
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1I-C - Ancillary data. b

Since the alpha detectof meas;réd radioactivity at
the end of the gas-jet transport system (rather than that in
the target itself), the following data were needed if the
.absolute ﬁroduction cross-sections were to be ca{c;lated for
the nuclear species in question from the measured dlpha |
disintegration rates : effective target thickne;s, gas-jet
system transport efficiency, gas-jet transport t{me{ and
integrated beam current. These measurements wiil now be

A

‘described in>sequence.
1) Effective target thickness

Experiments were performed, using the thick

target-thick catcher.method (ﬁar.GO, Ale.68,‘Sch.7é, ﬁin.78).
this‘technique pionered and deve10ppéd by Sugarmgﬁ”allows fo
determine what fraction of the activity created 1nUé target
of known thickness recoils out of the target into arcatcher
(Fig.8) placed downstream. Provided t;at the variagibn of
this fraction with composition of the reaction prodyéts was

known, its value could be used to calculate the effective

target thickness'for the producf nuclides obsérved.e
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Figure 8

Schematic representation of a thick target-thick catcher

assemﬁly:‘,

1)

2)

3)

4)

5)

]

Target fdil

Catcher foil for forward recoiling nuclei
(~12$g-cm‘2 polyethylene)

Polyethylege bag

Catcher foil for backwar@Arecoiling nucledi

2

(;12mg.cm' polyethylene)

Aluminum foils in sandwich to monitor the beam

via the production of 2%Na in Al
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1

Froﬁrthe work of others (Nei.72, ag.76,Kau.785 it was
expecfed that a monotonic relationship would exist between
-R~, the effective target thickness*(ﬁrOportional to the,
recoil range of a particulér reaction product), and =-AA-,
the mass difference between the product and ;he target
species. Thus the present exﬁeriment was performed on Ta
and Au, among‘the presently studied targets, withithe
expectatfon that dat$4fof~produc£s from_other targets cguid
be then obtained Sy:assuming that the’séme -R- vs =-AA-
relatioﬁship applied in the target mass range of interest.
The experiment invﬁ}ved irradiation times of the order of
30 minutes and the gamma-radi;;ctivities wvere measured for

several days.

s

The results are displayed Fig.9. Included in the figure
zare(previous data (Pie.63, Sug.56) which as can be seen are
not in disagreement with the present results. A straigth
line relationship between R and A seemed to fit the data
reasonably well, and the result of a least square fit (to the

present measurements only) is displayed by the solid curve.f

v

A further assumption was made in applying this

relationship to the deep spallation products of this study:
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Figure 9

v

Effective target thickness plotted as a fuﬁctipn of the

mass difference between the target and the product nuclides

for various

targets.

The results obtained with the Ta and‘Au targets

resulted from this work

= o

The data of Sugarman et al suffer from gome‘:
spread buf’hre not inconsistent with the results
of this work

The line corresponds to a linear fit to the data

(of this work only). -Although the gold and tantalum

do not coincide perfectly, the difference was judged

small enough so that the same linear relationship

was used for both targets

-
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”~

it was assumed that R depen&ed only on AA, and not on other

factors such as N/Z, etc...

p

'2) Determination of absolute gas—-jet efficiency-

The gas-jet transport system is very useful to . "
briﬁg radioactive reaction pfoﬁucts from their production
site to a detection area with speed and efficiency. However
its performance is influehced by ﬁanyfparameters which are
difficult to contgol and even td appreciate properly. As a

-

result, variations in collected activity of alﬁdst an order
of magnitude have so@etimes been noticed (with an apparently
constant beam and other experimental conditions) both by
previoué workers and by the writer in the early stages of
the present studies. Also no certain information existéd as
to whether or hot every element stﬁdied dur;ng this work 1is
carried with the same efficiency for a given gas‘mixture.i
Since the present purpose was to measure cross-sections,
this aspect was critical for the present/étudy. Thus the
influgnce of all system parameters was carefully studied to
stabilise yields as Quch as possible; and 'an absolute

efficiency determination was attempted for products from the

targets: HBo, Tm, Ta, Re, Au .
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2,1 —'Deécript%on of the experiment

An aﬁsolute transport efficiency determination should
involve Airéct measﬁrement of the products récoiiing from
the target (as for example was done for the determ&nation of
the effective target thickness) and comp#rison with the,
results obtained by measurement of the same“prodﬁcts at the
end of the gas-jet systemn.

Such measurements cannot unfortunately be done on the
Alphabradioactive species of whic; the yie}d was being
studied because of their short half-lives. Theée are
generally less than, or of the order of, one minute, and it
was not possible for practical reasons (opening of the
irradiation area, dismantling of the irradiated targef
assembly and 1£s transport to the c0unting station) to start
counfing a samplé of activity recéiling directly from a
target before 5 minutes after. the end oflirradiation.
Furthermore, the activity generqted in one irradiation was
small, and éhis would have necessitated many irradiations
for each térget,to gain statistical accuracy. In addition,
méasurements wiéh good resolution were‘impossible on alpha

activities buried in thick catcher foills, and subdivision

:
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into a stack of thinner foils to reduce self absorption

wduld have increased counting times to an impossible extent.

As a result, transport efficiencies vere measured for
more accessible pucle;r species via a mu;tistep approaﬁh
according to ﬁhevdiagram'of Fig.10. The intermediate‘sxep
involved the measurement of X-ray radiations (trial
spectroscopy ﬁithbéamma-radigtion; being unsuccessful due to
a combinaﬁidn of seQeral factors, inclﬁding the high Compton
backgfound produced by the mixture of nuclides, and the high

level of radioaciivity induced in the catcher foil).

In a first measurement (Fig.10a), a tﬁick-target
khick-catéher package (Fig.B) was irradiated (in air at
a££ient pressure) for 50 seconds with 300 nanoamperes of
prpfons. Tﬁe catcher foil (polyethylene) was then assayed
‘via the X-rayﬂdetector described previously. The
X-radiations were counted for 5 minutes starting 5 minutes
after the end of 1rfadiation. The data wefe recorded as a
function of the time, so’ that dead time corrections could be

B

bmade, and so that average half-1life data for the nuclides

present were avalilable (see below).

The second measurement was idemntical (i.e. same
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Figure 10

Representation of the time sequence used in experiﬁents”
performed to obtainedyfhe efficiency of thé gasﬁjet system.
a) The proton beam was turned on for 30 seconds;
a Smn measurement of the X-ray radioactivity
was started 5mn after the end‘of;bb@bardme;t.‘
b) The gas 1n.tbeegas-jet systeﬁ was allowed to
flow for 30s. (simulatinglghe previous 30-second
irradiation) X-ray measurements vere performed
immediately afterwards for 305. and then for
5 minutes stérting at 5 minutes after the end
of collection
c) Collectionaof the radioactive species for 30s.
followed by 30s. measurements of alpha as well

as X-ray radiations.



soynuIw’ ul awil}
o6 s -y € ¢ |
T T T T T 1 |
. - “—howmc_ar_:o”v
Aei-yx pue D (
0
o]
] _** vamq -senp
_ -

:owmc:c:oo

Ke1-x (
q
towum_wmo
20wm::::oo
uo ’ Aea1-¥
**o (e

wEmmo



target, bombardment time and integrated beam current)
(Fig.lob), except that the radioactive sample wasAcollected
at the end Bf"the gas~-jet, and counted‘t;ice: -a first time -
fpr 30 seconds immediately following the end of collection,
and a second fime in a fashibn identical to the firsi- set of
measurements (er 5 min. Léfter a delay time of 5 mini:,
the decay of aéli?ity during\this period also being
followed. A typical X-ray spectrum, pérresponding to thg
spallation“prb@ucts'recoiling ont of a Ta target and
me;sured during‘this last cpunting‘interva;, is given
Fig.1ll. The cycle was then repeated to improve statiftich

accuracy.

W 3

ﬁy.direct compariéon of the activities measured during
the 5 minute counting intervals (corrected for fluctuatiOns
in the beam current), .the efficiency of the gas-jet systen
was obtained for the various elements of which the X-ray
were str;ng enough to be detected with a good statistics
(typically about several thousand counts in the k 1 lines
were obtained). An example of _the results obtained_with a\

REe target is given Table II.

It can be noted on this table that the various

transport efficiencies were in most cases obtained from both
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Figure 11

Typical X-ray spectrum. For reason of clarity, only the
kal lines have been indig@tedwon'the figure.

The peaks with an energy of the order of 60-65 keV
correspond to the kg, lines. The peaks at still higher
energy’ére due to X;ray fluorescence of the surrounding’

Vlead shielding.
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Table II

Efficiency of the gas-jet system (Re target)

“Activity* CActivity*

Product measured on measured at Efficienéy Y4
element? the catcher the end of _ ‘ Average
- foil the gas-jet
Dy k&,  35.6 *% 2.5  4.92 % 0.20 14. % 3. 14, * 3.
Ho ka, 111.5 ¥+ 8.0 7.16,* 0.40 6.4 * 0.5 6.5 % .5
~ kay 45.9 T 3.0 4.3 * 1.0 9. T 3.
a /a 0.41 t 006 0-60 t 005 i
2/ ™ ,
Er ka, 315. % 7. 23.6 ¥ 0.35 7.5 ¥ 0.3 7.2 ¥ 0.4
ka, 183.0 £ 5.3 12.6 £ 0.25 6.9 * 0.4
a,/a) 0.58 % .03 0.53 ¥ .02
Tm ka,  455.0 * 8.3  36.4 * 0.4 8.0 * 0.5 7.6 % 0.4
Kaj 262. * 6. . . 19.2 0.3 7.3 .+ 0.3
as/ay 0.57 % .02  0.53 % .01 - Ce,
Yb ka; 554. % g, 49.3 ¥ 0.5 8.8 + 0.3 8.3 % 0.4
ka, 335. % 20. 25.4 £ 0.4 7.6 T 0.6
Lu ka; 378. * 8. ° 38.0 % 0.5 10.0 £ 0.3 9.8 £ 0.3
kaz 2230 i 6o'< v 21.4'* 0-4 9-6 * 004 =
Cap/oy 0.59 % .05 0.56 *..02
Rf ka;  276. % 15.  29.1%* 1.2 10.5 * 0.9 9.5 ¥ 1.0
ka, 160. % 8. l4.1 * 1. 8.8 % 1.0
32/01 0-58 * -06 0.51 * 1-06_5
Ta ka;  28l. % 12, 26,5 % 1.0 - 9.5 * .5 9.2 % 0.4
ka, 163. % 7. 13.5 * ,8 8.5 % .8 |
ay/ay 0.58 % .05 0.51 * .05~
Woka; 224, % é}‘% 11.7 £ 1.0 5.2 % .7 "5.4 % .5
kaz 116. i [ 6-‘ * 07 i'515 * 08
ap/ay 0.52 % .05 0.55 ¥ .10

* -~ activity in counts per second
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the kal and‘kaz X~ray transitions, a fact which allowed
cross~-checking of the results. The results obtained via the

4

two transitions afe generélly within or close to the
statistical uncertainties. Also the intensity ratios
observed for kuljkuz are close to the theoretical

values, fact which indicates that thg ﬁeak areas havelbeen
~adequately es;imafed.

In a third set of measurements, again with identical
targets, lombarding times etc, (Fig.10c) the :adioactive
samples were again collected for 30 seconds at fhe end of
the gas-jet system. This‘time howeverAalpha- as well as
X-radiations were measured for 30 seconds, cbrresponding'to
the first counting interval of the preXious get of
experiments. Such a short cycling time allowedlfor:all this
process to be repeated many times to improve the statistical
precision of the alpha spectrum (on the average, jround two
hundred cycles were necessary). By direct comparibhm of the
X-ray activities measured during this set of experiments;
with the results obtained during the corresponding 30s
count;ng interval of the previous set of measurements, ;he
efficienc;\of‘the gas-jet systeﬁ was obtained for these runs
where alpﬂa-activities were recofded. As could be expected,
the relative efficiency of the various elements did not vary

1
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between the second and third set of data (the avefage

efficiencies were in most cases within 102 of each other).

of cburse, this experiment relies on the assumption
that tﬁe gas—-jet system efficiencies measured could be
éxtrapolated to the more neutron deficient productsrdetec;eg
by the alﬁha measurements (that 1s that there is no mass

effect between the various isotopes of the same element).

The evidenée on this point is certainly indirect. No
strbng nuclear mass dependent effect is to be expected on
the efficiency with which the nuclides attach to
gas-molecule clusteré, are then transported by the gas
stream (with all the attendant focussing effect), and

finally adhere to the catcher tape at the end of the system.

However a mass effect (through associated recoil
momenta and raﬁges) is possible on the fraction of nuclides
stopped by a given gas pressure in the target chamber. Thu$
experimental verification of some sorf was desifable. In
the absen;e of mass spectrometric measurements, the best
that could be done was a measurement of the apparent

half-11ife of the X—ray emitting species contributing to

specific X~-ray spectral lines, and using these half-lives to



. 52 ’

v . L . o .

estimate the most probable isotopic composition of the

samples measured.

In order to verify the validity of the assumption that
there was no mass effect, the following tests vere

performed.

Fi;st the decai cufves obtained dﬁring the 5 minute
counting interval, in which the Ehick catcher and the
gas-jet transported specimén wére measured, were compared.
Fig.l12 shows the relative ratios of the two deca; data fof
severallx-ray lines. It can be seen that, within availableﬁ
"precision, the curQes/are flat. This indicate; that the
‘nuclide mixtures responsible for the two decay curvg; of
which the ratios are pdotted were ‘undistinguishable, and

that there was no discernible mass effect on the gas-jet -

transport efficiency.

The second test consisted in meaéhring the X~ray
radioact&vity of Spallatioh products (from a gold target)
collected at the end of the gas-jet transport system during

30 seconds for various flow-rates of ethylene. The decay of

the varioﬁg\?-rays emitted was recorded immediately after the

end of collec;ion and followed for 12 minutes. The



%

b3

53 - a

Figure 12

Variation as a function of the decay time of the ratios

-
r

of various ¥X-Ray radioactivities collected with the gas-jet

:éystem, and cauii:~on a thick catcher placed behind the e
i o a2 \‘ir

jtarget. The ratio displaged’correspond to the following

g
*Xfi%y: a) 0s, b) Re, c¢) Ta; d) Hf, e) Lu o /ﬂ
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2

corresponding decay curves were analysed in the following

i
way?

1

- First an average half-life was obtained for the mixture

,of activities detected near the end of the coﬁnting
inferval. This allowed anrestiﬁhtion of the mass of the

heaviest isotopes for each elément’detected.,‘

w= Next an average half-life was-obtained for the_ activities

Py

detected at the beginning of the counting period (that is
imnediately following the collection). In this way, an

estimate could be made of the more neutron-deficient
isotopes detected. d

I1f a maés effect (such as could be introduced by a
difference in recoil range inside the production chamber)

had a significant e€ffect on the gas-jet effictency, this
. : -
effect would be more pronounced at low pressure in the

E]

production chamber and one would expect.that the,ifij;}”e

yields of lightest and heaviest isotopes of same>é1ements
would show a systematic variation as a functidn of the

pressure at which the production chamber was kept. The

-

simplest fashion to control this pressure is by adjusting

&

they, flow-rate of gas. This was done and the results,
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displaved in Fig.13, show thesrelative collection yields of

various nuclides as a iunctiqs f the flow fate (that 1is

also as a function of the pressfure in the production
chamber). Certainly no variatfon can be observed on this

figure, and if there is indeed a suEh effect, it is small

and it is reasonable to negflect it.

A summary of the transport efficiencies obtained
in this fashion for the various targets measured is
presented in Table III.' While for reasons not fully
understood, the absolute efficieﬁcy for the same element
varied from one target to another - generally the yield
decreases with increasing Z of the target -, the relative
yields follow a reproductible pattern. in order to check
this point, and to have a survey of data from as many
product elements as possible, the results from different
‘targets were normalised (in ;uch a way that corresponding
product elements overlapped) apd the result is gisplayed
Eié.l&. The normalised values for the various products
1&ndicated at the bottom of the figure-ra;errggrgsgnfg§ with

different symbols according to the target from which they

arose. As can be seen, the relative yields are not



56 ~ a

o 7 Figure 13

Variation with éhe‘flow-rate.of‘ethylene of the ratios
of activities of various nuelides of different masses
at the énd of the gas-jet system.

The approximate masses were obtained: by collectigg the
sampleg'for 30s and following the decay for 12min. In this
- way average half-liyes were obtained near the end of the
counting interval, and at its beginning. The approximate
masses of which the ratios are displayed are:

f:Takal ~-lmin (~168W) , =~10min (~172W2

'»Ptk', <lmin (183'4Au) , =~8min (~188Au)
¥ al.

curve a) ! ratio of < 168w/172w ( A ~ 6)
curve b) : " ~ 183'4Au/188Au ( A~ 35)
curve ¢) : " - 168w/188Au C A - 20}

—
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Table II1
GAS-JET SYSTEM TRANSPORT EFFICIENCY (%)
. : v
PRODUCTS. . TARGETS
HO ™ TA RE AU
Po 17.
Snm 20, = 5,
Eu
Gd  17. 6. |
Tb 18. 1. 4.7 £ 0.3 -
Dy 22.%1. 4.0% 1.3 8. % 2. )
Ho  25. %2, 8. % 1. 8.7 ¥ 1.0 14. % 3,
Er 3.5 ¢ 1. 6.6 £ 0.8 6.5 % 0.5
: ¥
Tm 4.5 = 1, 6.2 0.15 7.2 % 0.4 2.9 % .1
b 6.7 $0.3 7.6 % 0.4 2.5 % .2
Lu 6. * 0.5 8.3 * 0.4 2.5 = .4
Hf 6.7 % 1. 9.8 £ 0.3 2.9 % .15
Ta ) 5.1t 0.5 9.5%1.0 3.6 %.6
W 9.2 % 0.4  2.27 % .05
Re 5.4 £ 0.5 1.61 % foz
Os . 1.73 ¢ .09 |
Ir — 1.2  % .08
Pt - <:jk{§ t .2
Au 1.4 £ .2
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Figure 14

.
' -Relative collection efficiencies of elements ranging
from Gd to Au from various targets. The different targets

have been normalized as explained in the text.
The strafght line represents‘a,linear variation of the

efficiency with the “Z° of the products.

A
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completely inconsistent (within statistics) with a constant

efficiency as a function of the Z of the product. However an

~

éfficiency varying irregularly with Z seems more probable

c&ﬁéidering the reproducibility of the pattern of relative.
efficiencies from'various targets. A khird possibility,"*«“'
namely a liﬁear variat;on is displéye@ by the broken line..

Since there is no understanding as to why any of these three

. \
possibilities might occur, the lineax relation was used when
. o i a .

the efficiency of producﬁé was neeiﬂd, but éould not be
measured directly by thé previously described set of
experiments (Of cou:;eAthe;r;Iative'yields were“theﬁ
co?rected for t::\necéssaryvnormaliéation facto;}-
Generally the divergence betﬁeen thé fitted curve and  the

data points does not exceed 207 .

3) Transport time
il
N

I1f, as qés iﬁitially intended, one considers the
time spent by.the fadiqactive producté in the ﬁroduction
chamber and subéequently in the capillary as being |
equivalent to a delay (or cgoliﬁg time), gll one needs to
know is the}average over-all time between production and
detection of the products, so that the corresponding

radioactive decay can be taken into consideration when
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extracting production rates from radiation measurements

)

taken for the various nuclides.

This inf&rmati@n can be obtained through theoretical
calc@lafioné, aé the sum of the expected avérage transit
tiﬁé in‘tﬂe capillary énd the avera;e retention time in the
production chamber. Such calculations are discussed in the
- Appendix I; however, there aré several unknowns such as the
extent of the focussing efféct of the clusters towards the
ceqte:mof the capillary, and thé effective volume of the
,prOAuctiOn chamber."Since some of the activities measured
are as short aé 15 seconds, it was iﬁperétive to know
tfansitvtimes wifh a preéision bette; than 0.5 second; as a
result, there was need to deferﬁine these numbers

-

experimentally, at least to check the calculated values.

&

To obtain this information, the beam»qf the cyclotron
was modulated, with the bgaﬁ on for 7 seconds and off for
6 seconds. This was achieved by the TRiUHF Operations group
by chopping the 300-~keV be;m injected into the cyclotron.
The gas-jet transport system w;s operated continuously, so
that a stable gas~-flow pattern could be established. The

collection tape was kept moving at a cénstant velocity so

that a constant fraction of the collected radioactivity was

&
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recorded by the detection s&Stém. Thus tge observea time
variatioﬁ of the éollecteﬂ activity was -due only to the
effect of the modulation 0f the cyclotron beam inténsity, of
the transit tihe in the gas;jet system, and of the later’s

variation about its mean value.

The results are shown Fig.15,16 for different ethylene

~

flow rates and a beryllium target. The anal&sis of these
data led to the formulation of the simple theofy described‘
in Appendix I-2 and, as a result, to a ;lightly different
relation between the detected activities and the

coréSponding cross—-sections than in a classical irradiation”

-~

experiment. On the curQes, the solid line corresponds to a

fitting of the data according to the treatment described in
Appendix I-2, with the following function: | V %‘

_, , b
A(t)= 0 | ) : tft°+tz~1

t
A(t)= eNIo AL exp - A(to"'tl)[l-e:ttp"(L"A)(t'to-tl)] Pot>t o+t
A+A

A(t) 1is the activity detected at the time t after the
beginning of bombardment.

to is the transgport time

ty 1s the time taken by the tape to bring the activity

'

in front of the detector v
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Figure 15

Activity of SBe collected at the_énd of the gas-jet
‘system as a function of time, the cyclotron beam being
turned off and on as described in text. The ethylene gas

flow-rate was constant at 70 cm3.s'1.atm'1.
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Figure 16

*
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Acti?ity of BBe collecﬁed at the end of the gas=jet
system as a function of time, the cyclotron beam being
turned off and on as described in text. The ethylene gas

flow-rate was constant at 25 cm3. g™, atm~1,
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t, is the time during which the activity is in the field

"0f the detector
¢ is the gas-jet efficiency
" N is the ﬁarget thickness in atc;ms,qm'2

c-islthe production cross~section of the species measured

A is the decay constant of the radioactive species measured

A is defined as p/V wﬁere p 1is the gas figw, and V the

volume of the irradiation chamber 7
I is the intensity of the proton beam.
4) Beam monitoring
Y
This was accomplished by means of a secondary

emission monitor in which gold plated foils intercepted a
afraction of the proton beam; The eiectrical current
génerated By collection and amplification of the secondary
emitted electrons was prOpoftiﬁqal to the proton beam
intensity. The calibration of this sécondafy emission beam
ﬁonitor—(S.E.M.) was performed by GﬁMatkenzie and J.Vincent
(Mac.78) via comparison of the S.ﬁ.M. reading with the
results obtained both with a Faraday cup, and the production
of 22Na in an aluminum foil. They found that for each -
microcoulomb of proton beam (at a bbmbarding énergy of
480 MeV), a charge of .37 microcoulotib was generated in the

S.E.Ml. s



IIT - DATA ANALYSIS AND RESULTS

III-A - General considerations

»

The identification of the various

14

measured was achieved by compgrison 6f their emitted

radiation energy (generally pegsured‘with an_aécdracy of the
order of 5 keV) and half—lives\k}th published valﬁeg. Sincé
the various radioactivifies obtaikiﬁ/:z:y in half-life froﬁ

around one second to several minutes, various collection and

counting times (as described previously) were selected to
enhance the production and detection of the various nuclides
investigated (i.e. 156Tm of 1.5s half-1life was measured with

a 5-second collection time, followed by ten counting intervals

of .5 second each).

Generally speaking, the fbllowing timing cyclés were

activities

found adequate to permit measurement of half-lives of

present interest:

collection time | 5s

10s

30s

60s

total counting time S5s.

30s

60s

300s




n
N

"The collection time was limited to a maximum of one
minute,‘due'to the fact that when it much exceeded this
value, the build-up of material from the gas stream onto the

collector became thick enough that a degradation in energy

resolution of the alpha peaks'became noticeable.

a

The background in the a-séectrum due to the decay of
8L1 and ®Be (nuclearfreaction products from the carbon
in the'ethylene gaS) was kept to a minimum by using the
lowest flow-rate of gas compatible with a high transport
efficiency of the gas-jet (as discussed preﬁiously and

indfcated in Fig.7).

B4

In order to verify the absence of contamination of the

sYStem by heavy elements, blank rumns (with an aluminum target)

were routinely performed. The results indicated’ that if such.

contaminants were present in the system, they did not produce

detectable amounts of alpha-emitting nuclides.
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III-B - Analysis ‘

Typical a-spectra (ogfained from various targets)
are prgsen;ed in Fig.17-20 and the most inténsé a-activities
are listed in Tables IV5X, tbgetherfwith tﬁeir idéntifié;;iéﬁ. ”
It can be seen that in all cases, the measured peak energy
has ﬁot been affected by deposit build-up at the end of the

gas-jet system.

The data, once retrieved in the form of such spectra
cbrrespondingytoldecay of the rédioactive specilies at
successive delay t;mes after therend of gollection, were
analysed with the computer code Gamanal (Gun.72). This
program initially written for the analysis of gamma-ray
spectra experienced soﬁe difficuities inireproducing exagfly
the shape of the low-energy tail of the»élpha ﬁe#ks;
Nevertheless the effect was minimal on the accuracy:wiFh
which spectrum peak éreas codiﬁ be extracted as can be
judg?d from Figs+21l. The Gamanal code was preferred over
otﬁét évailaﬁlé codes for analySi; of ;he'p;esént data since

it presented the-advantage df’consistenéy in peak location
- - v .

and in -background determination.

The areas of the alpha peaks as a function of time



Fiogure 17

Tvpical o spectrum from a Ho target: collection and
e
counting times were 5 seconds.

?
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F;gure,IB

aspectrum from radioactive products collected from a

Re target. Collection time 10s. and counting time 30s.
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Figure 19
g spectrum from radioactive products collected from an
Ir target. Collection.time 10s and counting time 30s.
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Table 1V

Alpha-activities measured from a Ho target

Experimental datév

Késignment*

-

Literature values

E (MeV) T)/p¥second) E (MeV) T, ,(second)
5.104 1. . = 1. b)1337, (85%) 5.103 1.6 * 0.1
5.032 3.0 % 9.3 b)l34mrp(g59) 5.030 3.0 % 0.1

S ' {

4.801 9.5 % 0.5 b)132p, (86%) 4.799 9.8 t£3;}
4.673 35.2 + 0.8 Db)153p; (53%) 4.671 - 36. % 1.
4.611 50.4 £ 1. b)15lmyoc13%y  4.607 47. % 2.

parent 17. % 4., a)lSIEr ( 0%) 23, 2,

4.518 33. % o.5 b)15ly, (13%) 4.517 35.6 * 0.4
4.456 49. 2. PI1S32mpo(e.57)  4.453 52.3 % 0.5
4.388 b)152p4 (122) . 4.3R7 142. % 10

] | ©

4.234 435. @ 10. b)130py (347) 4.232 430.2 * 1.5
parent 23, T 4, d)150y5 ( 0%) ~30.

4.070 >500. b)15lpy (5.5%)  4.067 1020. % 15.
parent 30. @ 10. b)13lgs (137) 4.517 35.6 * 0.4

e .

a) Gau.75, b) Bow.72, d) See.74

*) The numbers in parenthesis correspond to the

alpha-branching ratios.
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Table V

Alpha—activities measured from a Tm target

*) The numbers in parenthesis correspond to the

alpha-branching ratios.

¥

Experimental data Assigument* Literature values :

E (MeV) Tl/z(second) E (MeV) (Tl/z(sécond) '
5.199 1.6 * 0.2 ©)155yy, (90zy . 5.202 1.65 9 0.15]|
5.104 1.4 % 0.05 P)1537y (857)"  5.103 1.6 * 0.1
5.032 3.1 % 0.06 D)134Mrp(asy) 5,030 3.0 % 0.1
4.957 7.5 + 0.5 B)154pn (g5%) ' 4.955 5. - ¥ 1.
4.799 10. * 0.2 PI152pr (ee%)y  4.799 - 9.8 % 0.3
41673 36.6 * 1. b)133p, (53%)»““§4 671 36. 9 1.

.61l ~45. b)151mHo(137)?1"a 607 - ‘47. % 2,
parent  ~20 ca)Slgr (0x) 23. ® 2.
4.518 36.3 £ 1. b)131g, (13%2)  4.517 35.6 % 0.4
. 456 51.7 + 0.5 bP)152mmg(g,57)  4.453.  52.3 % 0.5
4.388  150. ® 10. P)152yh0 (127) 4.395 142. % 10.
4.233 420. * 15. Db)130py (349 4.232 - 430.2 F 1.5
parent = 22. &% 3. d)150y, (¢ 0%) ’ " ~30. '

4.172  >200. , b)154pr (5.52)  4.166 348. £ 10.
4.07 >300. b)15lpy (5.5%) © 4.067  1020. * 15. '}
parent ~30. * 10. bP)151lys (137) be517 35.6 %'0.4
— - ~
— .
. . K } , At
a) Gau.75, b) Bow.72, <¢) Hag.77, 4. See.74
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Table VI

Alpha-activities measured from a Ta target

-

Experimental datéil Assignment* | Literatufe values

E (MeV) Tl/z(secqnd) L E (MeV) Tl/z(second)
5.f99  1.8 * 0.2 ©)135yp (e01) 5.202 1.65 £ 0.15
5.104 1.6 % 0.1 B)153g, (gsy) 5.103 1.6 % 0.1
5.032 REREE 0:.07-P)154nrn(85%)  5.030 3.0 % 0.1
4.957 8.3 % 0.3 P)134pn (851 4955 5. + ],
4.799° io.7 t0.2- PI132pr (g67) © 4.799 ¢§.8 + 0.3
4.673  36.5 * 0.5 P)133pr (531) 4671 36. % 1.
'4.61i' 42, % 3, b)151mH0(13Z) 4.:;:/ 47. 2.
parent ‘21. # 4. a)l Er,( 0%) " 23. + 2.
4.518 - 35. % 1. bB)1Slyy (137)  4.517  35.6 * 04
4ho4S6 49, 1. b)i52mné(6.§i) 4453 52.3 % 0.5

-

a) Gau.75, b) Bow.72, c) Rag.77, d) See;74

*) The numbers in parenthesis correspond to the
alpha- branching ratios.
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Table VII

Alpha-activities measured from a Re target

Experimental data : Assignment* - Literature values
E (MeV) T)/p(second) E (MeV) T)/2(second)
5,199 2. % 0.5 ©)135yy (90%) 5.202  1.65 % 0.15
5.104 1.7 % 0.2 B)1531y (asz) ~ 5.103 1.6 % 0.1
5.032°  3.15 * 0.05 P)154my(gsy) 5.030 3.0 % 0.1
4.957 5. % 1. B)1Shry (gs3) 4.955 * 5. t .
4,799 10.5 £ 0.5 ’b)152Er (86%) 4.799 9.8 % 0.3
4.673  36.8 = 1. bP)153g. (s53%) 4,671 36, % 1.
4.611 : b)151lmyq(137) 4.607 47. % 2.
parent a)l5lgr ( 0%) ' 23. 2,
4.518:' 36. * 1.5 P)13lys (13%) 4.517 35.6 % 0.4
4.456  45. * 5. b)15?mno(6.5Z) 4.453  52.3 % 0.5
4.230 | b)150py (34%) - 4.232 430.2 % 1.5
parent 25. % d)150g, ( 02) ~30. ‘

a) Gau.75, -b) Bow.72, c) Hag.77, d) See.74

*) The numbe®® in parenthesis correspond to the
alpha-branching ratios.
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Table VIII

Alpha-activities measured from a Ir target

Experimental data
E (MeV) Tl/z(second)

T -

Assignmeﬁt*

o

Literature values

5.957 ~2.

-5.750 5. . % 2,
5.670 2. t .
5.44 35. % 10.
s.41+ 9.5 t 2.
5.39 4. 1.
$:200 2.- % 0.5

parent .5

-5.104 1.6 ¥ 0.1
parent 17. * 3,

5.032 3.3 ¥ 0.2
4.957 10. % 3{-
4}795 10. % 1,
4.673  37. % 1.

4.610 ~40
parent ~20°

a)1l75p: (55%)

B
a)176pe (427)
a)l73Ir ?

a)l78p, (7.2%)

b)153r, (85%)

b)1534myg(g5%)

b)154rn (85%)

B)152g, (86%)

b)153Er (53%)

b)151my, )39

E (MeV) Tl/z(second)

1

a) Gau.75, b) Bow.72, c) Hag.77,

5,960 2.52 % ¢.0¢8
5.750 6.33 % 0.15
5.665 3. T .
5.44 19. x 2,
5,202 1.65 % 0.15
5.103 1.6 & 0.1
5.030 3.0 % 0.1
4.955 5. ],

‘4.799 908 i£03
4.671 36. t .
4.607 47. t 2,

23. * 2\.
d) See.74

*) The numbers in parenthesis correspond to the”
alpha-branching ratios. -
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Table IX

Alpha-activities measuréd from a Au target

Literature values

Experiﬁenfal data Assignment ™
E (MeV) Tl/z(second)
6.125 2.5 % 9.5 a)l77,, ( 29
a)lBOHg ( 7%)
5.955 2.0 % 0.4 8)l75p¢ (559)
5.929 3. ], 8)178,py ( 22y
o A a)l8ly, ( 29y
5.852 6.9 T 0.3 A7, ( 29y
5.749 6.2 % 0.2 a)l76py (429)
5.672 2.0 % 0.5 2)1731p (o 2g)
5.622 a)181,. ( 29)
5.521 10. %2, @)177p¢ (5.97%)
5.480 9. 1.5 2)177p¢ (3.1%)
5.449 22. % 2. @)l78py (7. 29y
5.394 ALT31r (29
50345 3)183Au (.570)
parent 8)183Hg (1.12)
5.201 a)179pt (.272)
5.161 a)179pt (.12)
5.113 ~10. a)libr,. ¢ 29)
parent : a)176’Pt (42%)
5.038 3.5 % 0.2 b)154mg.(gsy)
4.804 10.5 1. b)152p,. (gex)
4.676. 35. * 5, bB)IS3pp (537)
4.523 30. # 5. D)IS1lgg (137)
4.457 <40, b)152mp, (6. 57)

E (MeV) Tl/z(second)

6.115 1.3 %

0.1
6.118 209 * O-"3
5.960 2.52 ®o0.08
5.92 2.6 0.5
5.92 - 3.6 + 0.3
5.848 7.2 + 0.5
5.750 6.33 T 0.15
e 5'665 3. i 1.
5.623 11.5 %1,
5.525 11. 2,
5.485 11. + 2.
5.44 19 2.
5.393 4.5 + 1.
5.343 50. + 2,
N 8.8 i 0.5
5.20 33. t 4.
5.15 33. 4,
p———— 0118 8. i 1-
5.75 6.33 £ 0.15
5.030 3.0 % 0.1
4.799 - 9.8 % 0.3
4.671 36. % 1.
4,517  35.6 # 0.4 |
4.453 52.3 % 0.5

a) Gau.75, b) Bow.72, -c) Hag.77, d) See.74
*) The numbers ir parenthesis correspond to the
alpha-branching ratios.
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Tablg X (part 1)

‘Alpha-activities measured from a Bi target

Experimental data Assignmént* ~ Literature values
E (MeV) | Tl/z(second) . £ (MeV) Tl/z(second)
6.702 1.8 £ .4 2)195mp, 6.698 2. + 0.2
6.611 4.6 + .8 a)l95p, 6.608 4.5 % 0.5
6.567 5.0 % 1.5
6.520 5.7 % 0.2 2)196p, (g5%) 6.517 5.5 % 0.5
6.478 3.6 + ,1 a)l93mpgy 6.48 3.5 %
6.426 11.0 = 2.5
6.380 25.7 ¢ .5 a)l97mp,(asy)  6.378 26. % 2.
6.361 75. % 25, )
6.313 <12 a)19lgy (40%) 6.32 13. % 1.
; a)l186py, (2,4%) . 6.32 R. t 2,
6.281 53. 5, a)l97p, (90%) 6.280 56.
6.228 150. % 100. 2)2024¢ (9%) 6.227  183. % 4.
6.180  97. + 9. 198 (70%)  6.178 105. # 3.
6.161  220. % 70.
6.109 120. + 30. a)195mg4 47) 6.11 90. * 5.
6.058 ~100. a)192p4 (20%) 6.06 42.
a)192mp, (287%) 6.059 252. ‘
5.971  26.5 % 1.0 188y (3.37) 5,98 2405 % 1.5
5.908 - 65. % 10. @)193p4 (6ozij 5.90  64. % 4.
5.864  520. % 150. 2)200po(12.2%)  5:860 684, % l0.

5.839 6.8 T 0.4 8)179%;y 5.848 7.2 % 0.5
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Table X {(econtinued)

(O

Alpha-activities measured from a Bi target

Experimental data

Assignment*

Literature values

E (MeV) Ty/2(second) E (MeV) T,/2(second)
5.736 5.3 # 1.0 B)176p, (427) 743 6.33 % 0.15 :
5.707 77. ® 30."3)189Pb‘(.22) 5.73. 51. % 3.
5.625  81. # 12. a)1%gi(c.27)  5.61 108.

5.605 27. % 10.

5.574 56. % 12, a)l90py ( o9 5.58 72. %6,
5.507 9.0 % 1.5 DPI177pr(s5.9%)" . 5.510 11. % 2.
5.466 12.5 # 3,0 2)177p¢ (3.17)  s.485  11. % 2.
5.435 20. % 2. P78y (7.2%)  s.440 19. %2,
5.330 25. 7. a)l78p¢ (Lam) 5.31 '.Qi.O.Eifl.S
5.149 2 b)179¢ (. 272) 5.156 33, % 4
4,662 36. % 6. BIL53p; (53%) 4,671 36, £ 1.
4,222  >300. ©)150py (347)  4.232  «430.2 £1.5
a) Gau.75, b) Bow.72, c)’Hag.77, d) See.74

*) The numbers in parenthesis correspond to the

alpha branching ratios.

¥




Figure 21
GAMANAL fit of a typical triple peak.

,Tﬁe'ciréiés show the experiﬁehfal_data. Ihé open squares
‘correspond to the reésult of the fitting proces's. The broken
iin§~shows the_backgrOpndEégsuﬁed\invthe4fittipg pfocedurer
The'segmentedilfﬁécoPnecting tﬂe 6pén squares isréhefe fo

guide the eyeé only.
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(corfesﬁonding'tb the decay of the virious spallation
‘products) were then aﬁalySed in ;érms-of”a.sum»of
exponential decay terms by means of?a%ieasthqQare‘fitting”
procedure DECALSY(written'in Fortran IV by the author).
fﬁis program uses the éustoma:y &ecay,telétidnships;'

including parent-daughter relationships when-needed. A list.

of the command cards can be found in the Appendix II. -

The number of data points available on a decay curve
was limited by one or both of the following reasons:
a) Sometimes it was necessary to group together spectra

)

corresponding to several decéy times in order to improve'
statistical precision. y
by When using'the Nova 3 computer for data acquisition, the

limited amount of memory space available for storage of the

data in turn limited the number of decay points.

As a result the decay curves were genefallf restricted
to between 10 and 20 points. This iimitation could have
been a cauge~for concern in the case 'of a comﬁlex.mixture,
were it not for the special simplifying circumstances of

rapidly falling formation cross~sections for products with

compositions more aﬁHEﬁOrby”;mote from stability. This in

turn reduced the number of parent-daughter decay



7a given measured alpha emitter in general ‘has an

relationships contributing to the decay data.

This maf_pertaps be‘most easily appreciated by
reference to fiéure 24 and the‘tYpicél case of 1°2gr
(measured in thislwork, tor which N/Z=1.235) of which the
possible precufsorsAare 1527 (N/Z=1;293) and ;56Yb
(N/z=1.228). ' o o

€ : >

The ﬁhange in (N/Z) resdlting from the Beta decay of

152¢p is relatively large - 0.032 -~ and the coqresponding

‘diSplacement along the yield curve of Figure 24 towards‘

smaller N/Z values 1is accompanied by an expected dr0p in

‘yield of a factor of ten. Thus in this case, contribution

to the measured 152Er u?éetivity due to the yield of

15214 is unimportant.

In the caeetof the a-decaying erecusor I56Y‘b, the
change (N/Z) is only 0.007. Thus the expected yield
difference between the measured 192Fr and the 156§b
precursor is only ~40% and must be taken into account in
interpreting the data.' An additiphel factor.may be noticed

by empirical observation of the alpha decay systematics in

the mass region considered. Anralpha deeayirg,precureor of
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alpﬁa-br;nching ratio lower than ité daﬁgﬂter by ‘a factor of

about ten. Thus the importance of the precursor contribution

?is reduced thereby.

Cross-checking between the various cycling times

allowed the presence or absence of a complex mixture of

b

isoiopes to berrecognized,-siﬁcerin'the—cése'of~a~¢omp}ex
mixture one Qould obtain varying results as a function of
the collection time. Such si;ﬁation arose for exampie in
the analysis of the 4.611 MeV alpha-line assigned to
151my, It was found to decay with a 50 *rlAseconds
half-life, in ¥easonab1e agreement with the literature vaiue
of 47 ® 2s. No buildup from 15lgr was evident, but the |
relative produ;tiog rates of this nuclide (from a Ho target)

were found to be 46, 54, 64, 71 atoms.s™ ! for the

respective collection times 6, 12, 30, 60 seconds. The‘ﬂ

. 7 ¢ L/"V
analysis of such variation led to an estimate of 19 % 4s ‘tj

.half-1ife for a parent, a value which agrees reasonably with

the literature value of 23 % 2s for 151Er. The

production rates could then be obtained for both nuclides.

It 1s realised that on occasions, contributions from a

s

paréﬁt and/or from an adjacent unresolved alpha line might

have been unnoticed, or- when suspected it was not possible

to take 1t iﬂto account in a proper fashion. For example,

—
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the alpha line aésigned to 154Tm exhibits as.shown below
slightly varying decay half-lives as a function of the
iarget eiement‘(indicated infpgrenthesis): 7.05 .55 (Tm),
8.3 #.3s (Ta), 9.0 .55 (Re) which is indicative' of a more

complex decay curve than the simple single component assumed.

NeverthéleSs, it 4s felt thét such unaccou&tqd for
contributions ;%re negligible, and that cértainly any error
introduced in this way would be small compared to errors
from other éourtes, such as for example the efficiency of
the gés-jet system, or  the efféctive target thickness. As a
result, it is believed that the cross-sections obtained in
this work are in‘general‘aqcurate within a ;;ctor_qf two.

The peak areas were converted into cross-sections via
the relatiop :

weNIo A

n_= exp- A(to+ty) (l-exp” Ate)
ST A+A :

n.= number of atoms detected after the collection time£ t.
t = transit time of the clusters in the capillary

t;= time taken by the tape to bring the activity in front
of the alpha detector .

¢ = gas-jet efficiency

ol
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detector efficiency

effective target thickness

intensity of the proton beam
. '\f

production cross-section

decay constant of the products measured

inverse of the turn-over time of the gas in the

production chamber
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C)

IV - THEORETICAL REVIEW

#

- -

It has been known for‘a long giﬁe (Loc.SS;ﬁer.52)v:r
that emitted parEicle spectra frqm-nuclear reac%ions induced «
by pfojectile energigs in excess of 100 MeV exhibit the dual
aspect of a rather isotropic evaporation-like cOﬁponent with
a broad spectrum peaked at low energy, superimposed on which
are high-epergy partiéles st}ongly peaked in thé-io;wafd
direction. It was also observed (Cun-47) that a broad

spectrum of products résults from the interaction of medium

energy protons with medium to heavy mass targets.

A

e
The interpretation of these phenomena was firétA
proposed by Serber (Ser.47) in terms of a two ;teﬁ process.

In a first shoft (10'20,10'22 g. (Gad.73)) stage, .
usually referred to as the "prompt Caséade", fast direct
interaction between the.projectile and individual nucleons
takes place. Upon completion of this stage, the reéidual
nucleus -undergoes evaporation on a longer time scale

(10-13, 10-1%.).
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{

IV-A - Prompt cascade

~.When a high enérgy-pgojectile strikes a target
nucleus, it may hit one or several nucleons during:its path
‘through the nuclear matter. These struck nucleons may in

turn, deﬁenﬁing upon the amount of energy exchanged in the

collision, escape from the nucleus, strike other nucleons or

s

just contribute to the total excitation energy of the

nucleué.' Whén'the bombarding energj exceeds about 300 MeV,

¥

pion pfoduction'must also be considered and will have an

appreciable effect on the propagatibn of the cascade.

-

This parfition ofﬁproiectilg eﬁergy between few degrees
of fre%dom’prqgreSSing go more compiicated cbnfigurétions,
'untii éh eqqilibrium diéiribution,of_energy is attained, has
been approaéhed by several models that will be bfi;fly‘
consiéered‘nexg. |

1 - Intranuclear cascade model.

This model dates back to 1947 when Serber (Ser.47)
pointed out that for in@ident nucleon energies in excess of

100 MeV, the interactions could be treated as quasi free

/
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scattering processes between nucleons (impulse
approximation). Justification of this approximation. may be

— found in (Por.68, Hud.68, Mil.59).

The prqpagation of the cascade of collisions between
projectiles and nucleons and between nucleons has been
computed by the Monte Carlo method. That is, instead of
using analytical integ;ation to calculate the end result of
the cascade process,thg resuit is sampled statistically’
cascade by cascéde. A generalldescription of thé>
Monte Carlo method can be found in (Bus.66). At every point
in the calculation where a decision must be made, the result
is given by a r;ndom choice, weighted according tdvthe
probability distribution of the event in question. This
model has evolved through many steps of increasing
sophistication due to the work of M.L.Goldbgrger (Gol.48),

7G.Bernardini (Ber.52), N.Metrbpolis‘(Met.SS), H.iertint
(Ber.63, Ber.78), K.Chen et al (Che.62, Che.71), G.D.Rarp

(Rar.74).

For each scattering event, the position of collision

inside the nucleus is chosen statistically and, the energies

a2

and direction of each ﬁarticle are followed explicitly in

-

three dimensional geometry until either all particles

~
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inQoived’in the cascades have been emitted or thgir energy
fallsAbelow some arbitrary minimum. Mean free-pathé apd
energy transfers in the assumed two-body scattering process
are based on experimental qucleon—nucieon'scattering |
cross-sectioh; and angular distributions. Collisions in
which eitber of the partners is left with an enefgyrlbwer
than the Fermi energy are forbidden'according to’:%é_Pauli
principle. At bombarding energies above 350 MeV, pion
production and absorption play an important role as they
efficiently Eoﬁvert the kinetic energy of thé incoming

particles into nuclear excitation.

Other information needed for the calédlations iﬁcludes:
~ The density distribution of nucleons inside‘the nﬁcleus
(uniformhdensity, step function, or trapezoidal
approximation), with or without reflection and refraction at
the ﬂoupdaries between regions with'dif%erent nuc%eaf
densgty. |
- The type of nuclear potential (fixed or velocity
dependent) as well as its variation as the cascade develops.

- The effect of nucleon pair correlations.

t
At the present time, there are essentially two computer

codes that are widely used to reproduce the intranuclear



cascade:. the code developed by Bertini at Oak Riﬂgg‘
National Laboratory (usﬁaly referred to as the ORﬁ} code),
~and the code developed first by Chen et al and lately by
G.D.Harp (Har;74) at Brookhaven Nationél Laborétory and‘
Columbia University (referred to as the BNL code).

The ORﬁL code is simpler, inﬁoFgénisat;on,aﬁrwell asnin
the modei of the nucleusvused for thg calqulations,gthan_thé

BNL code.

i

- a) Development of the cascade

‘The B¥L éode follows simultaneﬁusly the'prajectoriesbof
the yarious particles involved in each increment of time,
whi;h increments are chosen smail compared to the ‘ i\\k
nucleon—nucléon~colli§ion\time.

'

The ORNL code on 'the other hand follows one particle

at a ﬁime, from a given collision. It is done in a clever

fashion, but nonetheless does not allow inclusion of the -

effécfs of other collisions as the cascade proceeds.
- b) Nuclear properties of the models

Both codes assume the nucleus to be spherically'

@

symmetric, c¢onsisting of a dense cehtral core surrounded by

concentric regions of diminishing nuclear density. The



o1

energy distribution of the bound nucleons within each region

is assumed to be that of a zero-temperature Fermi
distribution. The Pauli principle is taken into account as
mentioned previously. The various interaction probabilities

are computed on the basis of nucleon-nucleon experimental

cross-sections and angular distributions.

The main differences lie in the dynamical properties of
the two codes. The BNL code has the option of including

(BNL-VPTO) or not including (BNL-STEPXO)

{

reflection-refraction phenomena, effects of nucleon-pair

correlations and an energy dependent nuclear potential. The

"ORNL code includes none of these items.

; Comparisons fBar.fZ, Ber.74) of the predictions of the
tyo versiops of theg}ntraﬁuciear cascade model wish each
other, and.with expeiimeﬁta1~fesults iﬁdicate:

1)‘Tﬁeré ié‘é generalfagregment between the two models evép

though the 3NL-VPTO version includes a more detailé&
L - ; “ T . : ~’\

* .

~representation of a real reaction process than- the ORNL

version (the simpler version BNL-STEPNO leading to results
similar to the ORNL code)

2) Both calculations underestimate the production of

secondary ndclegns at small and especially at large angles,



I3

BNL-VPTO being siiéhtly bet&gr for large angles than GRNL.
On the other hand, the incluéion of reflection.refracqion
éffects’leads@ o serious discrepancies between the
production of 16; energy secondary particles as estimated by

the BNL code and the corresponding experimental results.

=

On the basis of its general superiority in reproducing
experimental data, th? BNL code (in its ISOBAﬁ version) has
been used to calculate nuclide yields‘fpr comparison with
the present experiﬁental data. Hoﬁever no a;ténpt has. pggg
made to explore the effect on the calculated yiélds oéﬂsr.
inclusion of reflection-refraction effects, or
nucleon-nucleon correlations, as these details had beeﬁ
‘investigated by previous extensive comparisons with
experiments (CHe-?I, Har.73, Haf.?é, Bér.74, Ber.78) and

shown to 'impair vaiidityrof the calculation results.

Unfoffunately, although the results are generally Quite
consistent with the experimental results,\and'detailed
information such as angular,distributipns‘asvwell'as energy
spectra can be generated, fhe-compute; codes based on this
model are time-conéumipg due to the large number of

computations performed. Nonetheless, the expenditures were

considered worfhwhile, and other calculation models



' described below (which are less well adapted to the subject

. reaction regime) were not pursued.,
2
4 2 - Phase spae% nodels.

W

To simplify cascade talculations, for lower energies
e .
and complex projectiles, and reduce the time involved,

-

nmodels haveebeen developed in which the three dimensional
system of eoerdinates is replaced by a‘phase space.l'Ie is
then onl&kneteséary to‘follow the partition of'energy

: betweee-p;fticles and holes in ;ime; and not the directions
‘and posieion ef the nucleens in the nucleus. Of course, as
a fes@lt'one loses the ability to calculate angular

]
distributi?ns.

These models have in common with the intranuclear
~cascade model the assumption that energy transfers occur by
binary iﬁteractions at all energies. They also are of Monte

Carlo type. =
2,1 -’HarpEMillef-Berne model. (HMB)

fIn‘thi$ mpdel (Har-71), energy bins are first defined

and the number of available single particle levels in each

bin is computed using a Fermi gas model. Starting from the

—

9»37 L o L >7 . . 7777‘7 .
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- initdial configuration;>the fractional occupancy of each bin
1is followéd és;a-function-of tiﬁe (in units of time short

: 5 ' c
Ywith respect5;o‘the nucléon-hucleqp collisiqn time). This
is performed fhrough'p set of differential equations that
cdmputes-tﬁe btobability of scattefing in and out ;f éach

bin and of emiésion from bins with energies above the

~particle bindingrenergy.
2,2 - Exciton model.

This model.qu tovaiffin (Gri.66,Gri1.67), assumes that
energy equilibration.betwéen farget apd préjectile is
achieved by a‘successiénfof two-body interactions. In a
fashion similar to the single p?gticle model, each s;ate’is
chafacterised by a number of excitons defined as the sum of
the number of excitéd particles (particleslraised above thé
Fermi energ& By inte;action with another nucledn) plus;the
number of holesa(leQels left.empty by the excited
particles). vThe fransit;on rate ;foh a state yflh n
excitong to one with n'-~n+2 excitons 1is tékenEgg
proportional to the déﬁ%ity of exciton~states (fof thg ad
hoe excifation energy). THis'deﬁsity of state for a system

of p pafticles and h holes (that is n=pth excitons) assuming

a constant singie particle level density g at the excitafibn
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E 1s expressed by the Ericson formula (Eri.60)

g (gE)n-1

P.(E) = P_(E) =
ph n p!h!(n~1)!

Since this function is a rapidly increasing fuhction of
n, the transitions to n‘=n or n'=n-2 are neglected.

The probability for emission of a particle -c- with an
energy betwéen e and e+de, leaving the nucleus at an
excitation U, 1s given by :

P__,4(U) P_(e)de
W(e)de = E» n-l <
P (E)

‘ I3
‘More sophisticated formulas have later been developed

“(Bla.70, Obl.74, Gad.73), and lately (Wu .78) the formalism
has been expanded to include the emission of complex

particles.
2,3 - Geometry dependent hybrid model. (GDH)

The original version the "Hybrid model" was suggested
by Blann (Bla.71); it combined the characteristics of the

__HMB and exciton models (hence its name). Excited'particle

T
pOpulatI;;;\ﬂuring equilibration are calculated by use of

partial state densities as in the exciton model, and
intranuélear transition rates of the excited particles are

determined from calculations of the mean free path of



- nucleons in the nuclear matter. A later formulation the
"Geometry Depénde;t Hybrid Model"™ includes effects of
interactions in the diffuse nuclear surface (Bla.72a).
Predictions of this modél are in gopd'agreegent with the
experimental data (Bla.75), for lower energy nuclear

Y
reactions.

ke
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IV-B - Evaporation stage

Upon completion of the fas; intranuclear cascade,
‘the kinetic energy deposited insidé the nucleus_1is presuned
more:or less equiliﬁratea among the nucléons, and thé 7
nucléus de-excites by the statistical emission of nucleons
or light particles in ‘competition with fission if

Y

energetically allowed.

The probability for evaporation of a particle from a
nucleus was d;rived‘more than 40 yéarslago by Weisskopf
(Wei.37) using the principle of detailed balance. The
probability per unit of time for the e@ission of a particle
-x=- with kinetic energy between e and e+de is :

2s +1
P_(e)de = — 3 & o O {p° (E-B_~e)/p(E))
" h .

Sx,mx,Bx,e are the spin, méss, binding energy andrkinetic
energy of fhe emitted particle. E is the total excitation
energy- of the nuéTZQE_ p° and p are the .level deASiﬁies of

,the final and initial nuclides respectivel? and g is the
‘Inverse reaction cross-sectién. Among "the numerous
evapofation calculations performed with this forﬁalism are

those due to Dostrovsky et al (Dos.59). Inclusion of



angular momentum effects leads to a similar éduatioﬁ7
describing the transition of ‘a particle from an initial

state "i" to a final state "f" (Tho.64, Rud.69).

25 _+1 o ey P(Eg,J¢)

———— e ’ »Jf
22 h3 1

P(E;,J43Ef,J¢)=
P(Ei’Ji)

u‘is the reduced mass of the particle
-8 is the so=-called '"channel spiﬁ" (S=1+s) in which 1 is the

angular momentum.

J is the spin of the target nucleus.

e is the energy of thé emitted particle

Many calculations for low‘excitation“systems have been

based on formulations similar to this. These ‘include SFUMAP.
(Rud.68), TISMA? (Blo.75), ALICE (Ria.73), and JULIAN
(E11.78), each of which adopted different calculation
schemes and épproximations. o |

They?arious parameters involved in this formula will be

briefly considered.

~= Cross-section for inverse reaction: ©

Detailed treatment can be found in (Pre.63, Por.68,

"Bud.68)., A commen formulation is :

2 ’ J +s J +s
r XS (2T _+1)

U(E’Ji’Jf)“h - }Z: }E: T (e)
(25+1)(2Jf+1)




O
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{
A ié the reduced DeBroglie wavelength of the system, the
subscript =-c- refers to the compouﬁq nucleus.(t%at is the
initial state in the evaporation process). The transmissioﬁ
coefficients T, are computed using the optical model.
Sometimes (Bla.72,Bla.73) the s-wave approximaiiqn s used o ///

i.e. the ahgular momentum carried away by the evaporated

particles is neglected. ‘ ‘ ' \

~ Nuclear level density.
A review of _the varioﬁs'models used for calculation of
nuclear level density can be found in (Huim72a;.

’ The density of nuclear levels dependi strongly on the
excitation energy -E- and on the ﬁass.—A— of the nucleus..
The\simplest model : the iequidistant podel" (Bet.36,
Lan.66, Kan.68), applies to a system comﬁosed of two kinds

of particles, a total state denéity which is approximately

?

given by =

%
S

a= v23/6

and ¥g- is the single particle ‘Level density. Thislmoﬁel @
. ‘ ‘
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predicts -a- to’be ~A/10 MeVv~l. Because of its
simplicity, this model is widely used in data analysis

(Hui.72b).

Similar equations may be obtained using a Fermi gas
model. With simplifications the introduction of angular

momentum effects leads to the relation (Seg.77) :

2J+1 h 2 -~ :
p(AE,J,m)= ——— all2 (—)3/2 (gup )2 exp(2 VA(E-E,))

24 2

Er: the rotational energy is given by the relation :-

E.= J(J+1)(n2/2])

Moments of inertia - - are often expressed in terms of the

value for a rigid sphere :j=(2/5) mARZ2, The level density

"non

parameter "a" in the case of a Fermi gas model is given by.:

ki mroz
a = 2(—)4/3

3 h2

A

where I, is the radius parameter and m the mass of the
particles considered . Generally a value of A/8 Mev-lig
accepted as reasonable (Hui.72a). More sophisticated
forgulas have been derived, with different expréssions of

the level density pafameter for neutrons and protons, in the

case of nuclides far from stability.

—
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IV-C - Semi;empiricél.calculations
An aitérnative éppfoaéh to the theoreticai
treatﬁents-déscribed abo?e is a éemi-empirical correlation:
of expefimeﬁtal data. Rudstam (Rud.6€) has pioneered this
route, ;nd published récipes for prediction of unknbwn
spallatioanields via interpolation and extrapplatién from

neasured values.

Silbefberg and Tsao (SilffB) carried this process
furfher and used-the’foregoing theoretical models as a
firﬁer basis for‘such extrapolations, particularly to yields
of nuclides furthefif;om stable composition. Present
calculations via the Silberberg and Tsao code are described

more fully in Section V.
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V - COMPARISON OF EXPERIMENTAL DATA

AND CALCULATED VALUES

The yields of alpha emitfing nuclides produced by
spallation from various targets which were measured in the
present wérk are presented in Taﬁles XI-XV and plgtted in
Fig.22-2% as a function of the N/Z of the products
considered, together with the values predicted vialtwo,
compﬁting procedures labelleﬁ as'SILBERBERG-TSAO and
ISOBAR-EVA. The computer programs involved are briefly

described in Appendix II mws well as other codes which were

considered but not employed as explained in the Appendix.

q

-
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Table XI

‘Measured and experimental Yields of products
from a Ho target (in mb)

Calculated cross=-sect.

*) not reaction mechanism

Product | Reaction® E#p. cross—-| ISOBAR+EVA| Silberberg
section and Tsao

154mpp (plﬂ'lZn) 1.5 x10-2 7. x10-3

1537m (psm=13n) | 4.6 x10=3 | 4. x10-3 Q

153p, | (p,13n) 2.8 x10-! | 6.37x10-1

152p, (p,14n) 1.3 x10-1 | 5.6 x10-!

151g, (p,15n) 2.4 x10-1 | 1.3 x10-!

152my, (p,pl3n) | 3.32 3.31 7.9 x10-1

152y, <1. x10-! |

151my, (p,plén) | 3.32x10-1 | 1.75 2.7 x10-1

151g, 1.50

150y, VA(p,p15n) 9.6 x10~-1 | 8.5 x10-! | 6.25x10"2

151Dy (p,2pl3n) | 5.7 6.84 1.64

150p, (p,2pl2n) | 4.34 6.08 3.6 x1o-{7



104

Table. XII

e

Measured and experimental Yields of products
: -from a Tm target (in mb) "

.o

Calculated cross-sect.

Product Reaction™ Exp. cross-| ISOBAR+EVA ‘Silberberg|
section and Tsao

155yy, (p,15n) 1.9 x10-2 2. x10-2
1537q (p,plén) | 1.2 x10-! | 2.2 x10-! | 7.3 x10-3
154me’ (p,pl5n) | 3.1 x10-1 | 4.7 x10-1 | 2.6 x10-2
1547y 3.8 x1072

152, (p,2plén) | 1.14 2.51 6.2 x1072
153g, (p,2p15n) | 2.47 3.61 1.6 x10-1
151g, (p,2pl7n) | 1.67 6.78x10-1 | 1.1 x10-2
151my,, (p,3plén) | 7.1 x10-1 | 3.69 2.7 x10-1
151y, | 2.75

152mp, (p,3pl5n) | 6.16 6.22 7.5 x10-1
1524,
150y, (p,3pl7n) | 1.96 2.20 6.5 x10-2

- 150py (p,4plbn) | 5.7 7}83 1.5

*) not reaction mechanism .
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Table XIII

Measured and experimental Yields of products
from a Ta target (in mb )

‘ . .| Calculated cross-~sect.
- Product Reaction® Exp. cross-| ISOBAR+EVA| Silberberg
: section and Tsao
1554, : -2 -2 |, 1 0= 4
SYb (p,4p23n) | 4:2 x10 4.8 x10°2 413 x10 ﬁ\\v/,
1537 (p,5p24n) | 7.5 x10-2 | 2.40x10=2 | 8.4 x1074 ;
154mpp (p,5p23n) | 3.0 x10=1 | 3.61x10"1 | 3. x10-3
154py” 2.95x10"2
153p, (p;6p23n) | 1.25 1.37 2.0 x10'2'\
152, (p,6p24n) | 5.05x10-1 | 1.25 7.3 x10-3
151gy -~ |7 (p,6p25n) | 5.8 x10-1 1. x10-1 | 1.3 x10-3
15146 - | ‘(p,7p24n) | 3.03x1071 | 1.06 3.3 x10~2
151ys 1.72
152my, (p,7p23n) |-2.72 1.83 9.4 x10~2

§

. *) not reaction mechanism

1



Measured and experimental Yields of products .
from a Re target (in mb)
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Table XIV

)

Product

-Calculated cross—-sect.

Reaction* Exp. cross-| ISOBAR+EVA| Silberberg
‘'section and Tsao
1559, | (p,6p27n) | 2.15x1072 2.77x1075,
»igimrm. C(p,7p27n) | 7.4 x10:§ 1.3 x10~! | 1.88x10"7
Tm , 6.1 x10
1531q (p,7p28n) | 2.42x1072 2. x10~2 75.29x10-4
153g, (p,8p27n) | 3.14x10"1 | 1.9 x107! 1.18x10°2
152g, (p,8p28n) | l.19x1071 | 2.7 x107} 4.48%x1073
151g, (p,8p29n) | 1.46x101 2. x1072 | 7.9 x10'4
152my, (p,9p27n) | 6.8 x1071 3.4 x10-1 5.§1x10—i
‘i?}mng (p,9p28n) 3.66x1o:§ 1.7 x10°1 | 1.94x10"2
Ho 4.6 x10
1504, (p,9p29n) | 1.6 x10~! 4. x102 | 4.6 x1073
150py (p,10p28n) 3.5 x10-1 | 1.1 x107! | 1.05x10"!

*) not reaction mechanism
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Table XV

Measured and experimental Yields of products
from a Au target (in mb)

Calculated cross-sect.

Prodﬁct Reaction’™ Exp. cross-| ISOBAR+EVA| Silberberg
: section - and Tsao
183y, ( p,15n) 1 3.22x10"1 g. x10”2

18344 (p, plén) | 1.64 1.5 2.9 x1071
175p '(p,zpzlﬁ) 2.17x10"2 | 8.0 x1072 | 1.64x107%
'{76Pt’ "(p,2p20m) | 1.09x10"1 | 2.5 x101 | 9.94x107"
177, (p,2p19n) | 2.4 x10”1 | 5.0 10.1 | 2.93x1n"3
178p¢ (p,2p18n) 7.5 x10=1 | 1.75 1.56x102
154npy (p,dA=44) | 5.0 x10°3 4.1 x10~4
1525, ° (p,dA-As) g.5 x1073 9.7 x1074
153g, (p,dA=45) | 3.15x1072 2.6 x10”3
151y, (p,dA=47) | 3.5 x1072 4.2 %1073
152mye | (p,dA=46) 6.0 x10-2 1.1 x1072

*) not reaction mechanism

I




Figure 22 v .

Yields of alpha emitting épallation prodacts from a Ho

‘target as a function of their N/Z; comparison with

cross-sectioné'predicted‘from calculations described in

Lk

the text.
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Figure 23

Yieids of alpha emitting spallation products from a Tm
target\33~&\(unction of their N/Z; comparison with .

‘cross-sections predicted from calculations described in

the text.
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Figure 24

¥

Yields of alpha emitting spallation products from a Ta
,q . N
target as a function of their N/Z; comparison with

cross-sections predicted from calculations described in

the text.

Hor
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Figure 25

Yields of alpha emitting spallation products from a Re
target as a function of their N/Z; comparison with
cross-sections predicted from calculations'described in

‘the text.
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Figure 26

Yields of alpha emitting spallation products'from'a Au
target as a function of their N/Z; comparison with

cross-sections predicted from calculations described in

the text.
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V-A - SILBERBERG=-TSAO

This program (Sil.73) based on the semi-empirical
formalism of Rudstam (Rud.66), was usednas a first check of
the experimenfal resulﬁs becguse it was known to giVe good
results for yield frends of proddcts of compositidn close to
staSility with various bombardingvengrgies and tﬁrget
elemengs. It presented the added advantage of being simple

&

and fast.

Generally speaking it can be obsefved that there is
little agfeement between the experimenfal data and the
predictioné from the SILBERBERG-TSAO-code, the disagreement
increaéing with the differencg in mass between the product
nuclides and thg ta}get element. This:may perhaps he
understobd by the fact that, since there was no informaﬁion
on the absolute:yiélds of very neutron-deficient spallatid&
products in the mass region considefed, the parameters used
in the calculations had been der;ved forvﬁucliaes(near
stability (S1i1.73). Furthermore, the cross-sectiohs
measured in thisiwork correspbnd,to products~1in a region of
rapidly changing yield from one isotope or element tobtﬁe'
ad jacent one, and as a result small .errors in extrapolation N

may lead to large discrepancies with the experimentai data.
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V-B -~ ISOBAR-EVA

These calculations were performed according to the

forma;igm of the two step‘processvdesctibed‘aboye.
First,-the éomputer code: ISOBAR (see sect.;V) (the

" higher eﬁergy version (Har.74) of -VEGAS (Che.71))was used to

calculate an average of 3000 intranuélear cascades (non |

traqpérgncies) per target bdmﬁarded ;ijSOO MeV, the results‘

of which served as input forwtﬁe evaporat;on stage

calculated by the program EVA (essentially the Monte Carlo

calculation adcording to Doétrpvsky‘ét al (Dos.59).

Since, the computatiohs invoi;ed in the latter
evaporation stép were faster (by a factor‘of 30 ) than those
involved in the preceding iﬁtranuclear cascade step, each
cascade product was used as an input to .10 evaporation
dalculationé in order'to obtain bettér statistical
significance in the'caIEulation ofAcross-Sectiqns smaller
than oﬁe millibarn. Of course in some insfancgs disfortion
might thereby have been introduced if, ﬁpoﬁ completion of |

the cascade calculation, the results included too few N

nuclides possessing the necessafy composition to lead to the
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production of the nuclides measuredA This problem would be
compounded if the excitation energy of the cascadekproducﬁs
was (due.to poorjstatistics) ﬁuéh higher oi lower than ﬁhe
;verage given b& more extended calculations, thus greatly;
affecting the probability of evaporating.large'nqmbers of
nucleoﬁs.' In thé case of the hglmium target, concérn over

«

this possibility led to 6000 intranuclear cgscades (non

transparencies) being calculated in order to obtain a better’

)

statistical precision in the calculation of residual .

nuclides that would lead to the production of,153Tm and

154Tm. v ‘ ) 5

It was initially intended to combute fhé evaporation
stage witﬁxtheicomputer code JULIAN since it presented many-
iﬁprovements over EVA, notably the influence oi thé angular
ﬁomegtum~taken into. account. Unfort;nateiy,‘thiskprOgram
was reporteh (ﬁil.78, Gin.78) not to be in a:runniﬁg
condition, in any of the laboratories involved in its
develépment,&suéh that it could be satisféctorilyva;pli;d tov\
this study. As a consequence, the simpler EVA was used," t‘“
under thg assumption that the width of the cascade product,
distributions in cha:ge, mass, energy and'#ngular momentumMf

13

would reduce the dependence of the evapofatioh calculation

e
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results~on.tﬁe sophisticatioﬁ of>the cglcula#ibn techniques,
and, that in effect the expgrimehtal dafa obtained in this
wofk'fépreseﬁt a test of thé ability of the iSOBAR'code'to
predict the probability of événts with relatively high
(>150MeV) aepositéd energy with a 500 MeV proton projectile

on medium mass nuclides..

&

. The dgreement between results from these calculations
and experimental results is genera11y.acceptab1e} and
sometimes, maybe fortuitously, very good. There are

nevertheless several points to notice:
1) General trends

Generally, the further away from the target composition:
is that of the nuclides for‘which cross-sections are
measgred, the less accepﬁab}e is the agreement between the
experimental and calculatgd Values.: The_latter are |
systematically lower than the expefiméntal da;a; as can be
seen in Fig.27 which displays the experimental and predicféd
yields of.lslﬂo as a function of its mass difference from_

various targets.

A level density parameter of A/15 was chosen for the

lowest Z targets in‘agreement'with previous studies (Sah.72,
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Figure 27

"Experimental and predicted yields of 1514y from various
targets. Circles show the exﬁerimentai data (with the solid -
line to guide the eye). Triaﬁgles and the broken line show

the result of calculations via ISOBAR plus:EVA.

-
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Dos.59). It can be observed from Fig.23, that this value

gave the best agreement with the experimental results.

In the case of the gold target only a level density
parameter of A/20 brought reasonable accord between
calculations and measured cross-sections of Pt, Hg and Au

activities.

. 2
The difference in the value of "a" used in the

calculations from the accepted values - A/B; A/l10

(ChapterIV) is not too surprising;uthe adjustment of the

value of "a" in a given calculation in effect compensates

for the neglect of angular momentum effects on the nuclear
) 3

evaporation. Thus, shifts in the angular momentum

distribution among the prompt cascades products due to

<

changes in target masses, might need to be compensated by

changes 1in the effective'a-value used in the calculations of

the subsequent evaporation.

- - )

\ The remaining inability to reproduce the yield of

nuclides of composition remote from~thaQ\of the target is
difficult to explain precisely. The failure of the EVA

program to take into account the angular momentum of the

evaporating nuclides is more severe here and the



’calcelatiehs_ef the iﬁveeee cross-gections”ere performedieﬁ
a semi-empiricél fashion'which may not be adequaee for_ ery
neutron-defic}ent nuc;ides. Nevertheless, it is likely that
to a large extent the hnderestimatign of the production of
zspallation‘products remeQe in composition fromfthe target is
a fesult of the underestimation by the ISOBAR code of the

, 7 - R
frequency of production of nuclides with high’excitation

energy .in the intranuclear cascade.

2) Reactions Ho(p,ﬂ'xn)153’1§4ym

The contribution to the experimental reeults fromr
reactions induced by secondary particles can generally be
neglected due to the large excitetfon energy needed to
evaporate 15 to 40 nucleons. The only exeeption might be
’>the_produc;ion of 1531154Tm from a Ho target. The
productien of these isotopes via the Airect reacfien
Ho(p,!r;n) is estimated to be so sﬁall_that‘the
al}ernétive produetion by secondary emitted ,alphas through
>th& reaction;ﬁo(q,xn) must bt investigated. An estimate of
the latter process can be obtained by the following.

considerations.

14

,éq The energy corresponding to maximum of the excitation .

function for the Ho(a,15n) reaction was estimated by
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extrapolatizn from the results of Djaloeis (Dja.75i
Fig.28-b, and the corresponding cross-section obtained in
the same way (Fig.ZB-a); The respective results thus

obtained cofre5p6nded to a8 maximum cross-section of 110 mb

for an alpha energy of 200 MeV.
b) The differéntial cross-section data of Korteling and
co-workers (Gre.78) for Ag + 500 MeV protons.was used to
estimate the probability Qf ﬁroduétion in the Ho target of
alpha-particles of energies between 150 and 250 MeV needed
to induce the 2,15n réaction. The déta were ig}egrated over

angles to the beam direction between 0. and 90. degrees,

assuming that the 20 degrees valué”ais an upper limit to the -

average value in this ‘angular region, to give a

alpha-production cross-section of 3 mb.

Combined with a térget thickpess of 100 mg.cm'z, tﬁis
yields an overall cross-section4of tﬁe order of 1x10~%mb
for the produttion of !2%Tm. This number is lower by a
factor ~50 than the meaéured data. Thus it seems’likely
that this process does not contribute significantly to.the

production of 153Tm,154Tm.

It 1is interestiﬁg to note that the predicted yields for

the extreme process (p,7" xn) are Iin very good agreement

@
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Figure 28 ” '
Characteristiga of (a,xn) reactions ;

- a) Variation of fhela energy corresponding to the
ﬁaximum of the (a,ﬁn) crééé-section aé é'funbfioh
of -x-. |

- b)-Variation of the maximum of the yields of the

(x ,%Xxn) reactions as a function of -x-.
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-withkthe experimental results.
3) Reactions 197Au(p,..)Dy,Tm,Ho.' -

While the discrepaﬁcies ﬁentiohéd,above do not for most
"nuclides studied e#ceed a factor'five, the situatiqn 45

- completely different in the case of these products. The
predicted yields are too low;t0>bergenerated by the
computations, but by extrapolation one obtains values of the
order of 10'2ub. This is lower than the experimentél data !
by two order of magnitudes, and although the arguments

developed previously might also apply in this case, other

effects may also be respdnsible.-

Studies (Hey.72)rof the production yield of 1497p
from a gold target bombarded withéproténs of 200-450 MeV
indicated that it was most iikély the residual nucleus : left
after fragment.emission,(A ~ 20~50) followed by eyaporation-
Similarly Chu et al (Chu.77) concluded that the production
of nuclides with masses ranging from 40 to 50, from vari&us
targets,&could not be explained in term of either fission
or spallation alone. The emission of such fragments is
now well established (Gre.79, Wes.78) aﬁd the cross-sections

( for example ~200 b for the production of Sodium from a



N

Silver target) are'large enough to be.; contributing .

factor to the production of the subjeét nuciides as residues

of such emissions.

s

5':-: -

o
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VI - CONCLUSION

Cross-sections for the production of very neutron
deficient products, fESulting fromythe interaction of 480
MeV protons with various fargets, have be%h obtained for the

first time in the mass region studied.

The nuclides of which the yield has been measured are
produced in the majority of cases by thé,sb-called
“spallation’ process; however it was also possible to

measure cross-sections involving-unusual and not yet well

known processes such as: pion production and fragmentation.

The results- compared with the semi-empirical code due
to Silberberg and Tsao show little agreement; however they
generally agree with the more fundamental calculations of
the Isobar code, when the combinatibn of parameter values

breviously employed by others was adopted. . -

The data obtained point to several areas 6f potentially
very interesting research: the study of the gas-jet system,
the improvement of the codes used to predict the yields of
‘spallation’ products, the study of the unusual processes

observed in this study.
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1) - The gas-jet transport system..
further studies of the gas-jet‘recoil4transport system
would’present the immediate interestrof reducineg the
exéerimental error. This would invél?e_the study of:

a;— The effectiyentariét thickness, in order to determine
to what extent the assumﬁtions made ;re valid, and to
improve the quality of the data-obtained. I; would be
N'highly desirable for éxample to measure effective target
thicknesses of products closer to the nucliyes for which the
crqss-sections ﬁave been measured. ‘

b - The gas?jet efficiency. Presently, nobody can claim to
have a complete ;nderstanding ofvthe gas=jet system.

.Further éfudies ére needéd in order to improve the
confidence in the measufed efficiencies, and to be certain
that fhese efficiencies are controlled. It would be most
useful to improve the gas-jet yield, in._order to decrease
the influence of this factor on the statistical uncertainty
of the data. (Recent experiments give credence to the
seemingly erratic variation of the efficiency as a function

of the "Z" of the products; they also indicate that one

might be able to control this variation)

Further experiments to understand the mechanism of the
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’«

gas-jet system would be highly desirable in their own right,
rather than just as a tool to measure cross- sections, if, as

rTecent eXperiments (only iﬂfp;elimipary stage) indicaté,

-

this seemingly erratic vafiation of tHe~effiéiency‘of,¢he
gés-je; system as a function of the "Z" of the products is

real, and if as they &lso indicate, it is possible to

o

inf&aenqe and control these efficienqies, this'wouldlbe a
powerful addition to the ggs-jet tedhnique and'might solve

the main problem associatgd with it, namely the

identification of unknown speciéé. ;Identification is

-5

presently possible only with the uSé of expgnsive apparatds,

and at the cost Qf a severe reductibn in the éfficiency'of"

collection. A systematic study of this variation across the
periodie tablé would also certainly provide new information
on the mechanism responsible for the selective attachment of

the recoiling nuclel on to gas moieculq clusters.

2) = Improvement of predictions
- The data obta;néd éan be used as a base to generate new
Para@eters in the code of Silberberg and Tsab. They also
indicate that the ﬁeglect by ISOBAR of the fragmentation

process is not a serious problem in most cases, but however

may lead to gross underestimation of the yiel@s of rare products.
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3) - Study of‘nuclear reactions K
In addition to the interest in-impfoving and extenﬁing

the eXigting results, there are twq types of reactions.wich

_woﬁld be particularly interesting to study:

a - The (p, 7 xn) reactions which aré easily observéd with

the exis;ing system are of qonsidérable current interest. |

Tota1 pfodugt fofmation crossfséctipns rgprésen?

complementary data fo pionrénergies'and angulér distributioﬁé‘

obtained in "physiés" experiments.‘bFor‘example, a compiete

measurément at oﬁeAbombarding energy»and from one targét of

2all the (p, m xn) reactions would perhaps permit extréctipn

of the nucleaf excitation enefgy sbectrum\associatea with

Rign emissioh,vfor coﬁparison with theory.

2 - The production of the'iighter spallation products from
the Au target. For example, both g& excitation funétion
measurement and a study of the forward to backward recoil
intensity ratio of these products (which would not be too
difficult with the éas jet system) would help in the

understanding of the production mechanism. for these

nuclides. Forward to backward fecoilAintensity ratios in

'particularAprovide a means of”assesbingwithfgﬁghViﬁéﬁwork of
Sugarman and others) the momentum deposited by the

projectile in interactions leading to such prodﬁcts.

/ |
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APPENDIX I

(All symbols are defined on pages 146-147)

1 ~ A few mathematical exp;eséidns leading to the
evaluation of a steady state flow through a pipe of

constant cross—-sectional area-.

éhe foliowinglis a‘b¥ief review of'gaé dynamics. It is
usefu;;to undersfand thévbehaviéur of the gas thro%gh the
gas-jet system, and to allow the uSer to choose the right
éxperiméntal cénditiohs. It is extracted from standard

textbooks on gas dynamics such as for example: Sha.33,

Mo

.
>

Mis.58, Mcl.63.

The gas-flow is assumed to be such that there is no
work, and no heat transfer to.or from the walls of the

~

tubing (adiabatic flow).

Furthermore, tﬁe gas~-flow is assumed to be laminar. In
this cése, the viscosity will govegn;thevflow pattern, with
the velocity of tﬂe gas being zero against the walls, and at
a,maximﬁm along the axis of fhe tubiﬁg. The velocity

distribution for such a flow is piven by :



In such a flow, all particles are.moving iﬁ‘thg_Same‘;
;direétidh. As the velocit; increases,‘ihéftial forces
become so large thét instability results ané;\e§qepqvneaf
tﬁe’walls, theAvelocity along tﬁe.radipéAof ﬁhe‘tubé.is
nearly uniform. This flow is called turbﬁlent.ﬁ Fig.29
4 displays‘the velocity prﬁfiles corresponding to thé two

types of flow. . , .

The consideration of these two profileé will ﬁéke clear
the need for a laminar flow. - If a cluster is travelling
with the gas, the ga; Veio;i£§ on ;;E;Siﬁé'beimg;éreater
than on fhe other, it will be imparted ;'ro;ating motion.
‘This will, in a fashion similar to a spinhiﬁg base-ball or
tennis béll; curve the trajectory of tﬁe élhgtersrtowards
the region of higher;velocity. -This“cah be explained siébiy | Wj
by the followiné“qualitative argumentsr_ Thé spinning-ﬁotioﬂ
of the clusters 1is such (Fig.29):thét fhereAis a. greater o
~friction between the clusters and the gas -on their ;§de:
further awvay f:gm,thefngnietroiuthemcapillar§~4?eia§fA%mthanWK*~ﬁm"*
on the opposite side (point B). This friction results in av

local slowing down of the gas in -A-, andy according to

-



Figure 29

<Sdheﬁatic representation of,gas-fiow'velocity profiles
(turbulent and laminar) across the diameter of the gas=jet
capillagy tubé.'The'spinningiballs~;epresent clusters carried

by a laminar flow. Points A and B refer to discussion in

) ¥
the text.

-~
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Bernoulli s law, there will be an increase in. pressure at

T A
" this point and creation of a force directed towards the

center of the capillary.

This force proportional to the aerosol cross-section,

and to the square of the difference in gas velocities 1is

L . R R . . . . PSR

given_by kWpl.76):

F oo omb/3y 2 20 (2)

Turbulent flow cannot lead to any focussing effect towards
the center of the tubing, since the velocity gradient along
the radius is zero, except in a narrow region near the

walls.

Furthermore the turbulences may carry the recoils in

the vicidity of the capillary walls ontorwhich they then are

-
’

likely to adhere or disintegrate; also "a passage from

leminar to turbulent flow will result in an increase of the
, ) : , ‘
frictilon coefficient, which will decrease the gas velqcity.

Laminar flow will be maintained if the Reyﬁold's numbher:
. P VD “ |
Re= . : (3)
: " ]

is kept below 2000;

cross-sectional area, with no exchange of heat or work, the
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steady~-flow energy éequation:

v?2 . k d(vz)
— -leads to dh +
2 2

h = h +

or, since A the cross-sectional area of the tubing 1is
constant, and the mass flow-rate w/A = pv = cst:
dp |
dh - (w/A)2 —— =0 ‘ (4
p3 '
-This equation describes a family of curves called Fanno
lines; the shape of these curves can be obtainedAby

integration of the equation (1), which gives:

' C(w/A)? 1 1 -
h= h_ - ( - ) (5)

These cugves are displayed Fig.30.

T -~

An jinteresting situation to consider corresponds to an

/ |
entropy maximum, that is: dS=0. From the thermodynamic

~
relationshipb\

dp i
, relation (1) becomes :

p . | /

- d 0
=0 (6)

dh = TdS +

TdS + dP - (w/A)?2
02

Since dS=0, Uﬁtﬂﬁgtain31”W“*”*ﬂ*"W?**
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dp 1
(=——)S = (W/A)2 —— = 0 (7)
dp p2

Taking into account ) ' \

dP , (w/a)?2 &
(w———) = gR_ T = a and = vyt
dap B p2 ,

one obtains v=a that is the velocity of the gas reaches

sonic speed.

If has been demonstrated that for a maximum entropy,
the gas 15 flowing at sonic speed (that is the-Yach number
M=1); howeyer in the case of an adiabatic flow, the second
law of thermodynamics implies.that the entropy must increase
(irreversible process). From this it follows that, either
at subsonic or supersonic velocities, there‘is a tendency to
reach the conditions of sonic velocity. On a Fanno line,
for ho > h >hm (Fig.30) the flow is subsonic; as the
entropy increases the Mach number tends to the limit value

of 1, since further increase in " M "

would imply a decreasg
in entropy, which is forbidden by the second law of

thermodynamics.

Further, in the case of an adiabatic flow with constant
conditions, a subsonic flow can never become supersonic, nor

can a supersonic flov become subsonic.

-
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Figure 30

Typical Fanno lines for gases. For details see text.
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- Fanno relations for perfect gases.

From the following equations:

g-1 )

T =T_ (14
© 2

w/A = cst.

dP M ¥ 4T

P Mo 2 T

»
The following relations can be derived.

(adiabafic flow)

(along a Fanno line)

3

= 0 J(equation of continuity)

A

They allow the

determination of a state on a Fanno line, knowing another

state on the same Fanno line.

3

s au g+l Cd(1+[(g-1)/21m2)
Entropy change = - - X -
' : R, . H 2(g-1) , 1+ [ (g-1)/21n2
o . M 1+[ (g-1) /2112
Density change = ( - y1/2 (%),
P, M 1+ (g=1)/2]1M, 2 -
P My 14[(g-1)/21M,2 v
Pressure change = ( : )1{2 (1.0)
Py M 14+ [ (g=1)/2112 '

gas-Jjet syétem, is the state on'therfanno line where the

(2)
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Macﬁ number = 1. This will allow devélopment of the
relations between the gas characteristics (temperature,
pressure and density) at the inlet (T,P,p) of the tubing and
at the exit (T*,P*,p*) of the tubing, assuming that at this
point (as 1is usually desirable) the gas has reached sonic

velocity.

T g+1 g~1 R

— - ( 1+ M oy-l . (11)
T 2 2

@ t ~

o} 1 g+1 g-1

p M 2 ‘ 2
P 1 g+ ' g1 :

— - ¢ y1/2 (4 M2 y-1/2 (13)
P M 2 2

In the above set of equations, ¥ 1s the mach number at the
inlet oﬁjthe capillary. The last equation (13) is
particularly interesting, since it gives a mean of checking
whether or not sonic speed has been reached at the exit of

the capillary tubing.



137

~ Effect of energy loss

So far the problems related to any kind of enerqgy
loss have been neglected. By considering the Fanno lines of
Fig.30, it may be noticed that they tend to be tangent to
the h=h_  line. This is due to the fact that at low
velocities the entropy may increase as a result of friction,
while the enthalpy remains almost constant. Assuming there
is no obstacle in the way of the gas, and that the tubing is
essentially straight, the main source of energy loss is the
friction between the gas and the walls of the tubing. 1In

this case, the momentum equation :

dP g g aT g dx
+ dM2 4+ — 112 + M2 £ = 0 (14)
P 2 2 T 2 D ,
leads to the relation:
2 ﬁf: 2
f - ( - Yy + Log - (-
D g M2 12 2¢ M2 1+[(g-1)/21m,2

(15)

Thus for a given mass flow , the maximum length which allows

sonic speed at the exit 1is éiven by the relation:

1+(g-1)/2] M,2
e L .1ty Log ( [1+(g-1)/2] M,

) g 2,2 2g 1+ (g-1)/2] 1,2

(16)7

”~

)
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If the length L of the tubing is made longer than L.fér
. this specific w/A value, £he éntropy cannot . go beyond the
maximum value; however, adding more leng#h adds more
friction, and thus resulfs in an entropy change. It may be
seen from Fig.30 that an increase in "S" shifts to a new
Fanno line with .a smallér flow rate. Since the Mach number
at the exit is one, the extra length will decrease the Mach
number at all points uhstream. Fig.31 displays the results
of such calculations giving " fL/D " (Dau.73) versus "Hl"

for three gases ethylene, nitrogen, helium.

By combining equations (13) and (l16) a relation can be
cbtained between P*/P (ninimum pressure ratio needed to
reach sonic speed at the end of the capillary) and " fL/D ".

The resuft is displayed Fig.32.
2 - Transport time ©

The transport time of the radiocactive species
betweend the moment of production §nd the moment of
collection, can be decomposed info Fwo‘times, first the time
spent in the production chamber,’éecohd the transit time in

. . 5 »

the capillary. An estimate of the?ettimes'can be obtained

from simple equétions. The avérage‘time spent in the



Figure 31

Variation on fL/D with the mach number at the exit
of the gas-jet capillary tube, for the gases helium,

nitrogen and ethylene.
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Figure 32

Variation of fL/D as a function of P*/P,assuning
sonic speed of the gas a the - exit pf the capillary.

For details and symbol definitibn see text.

k4
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chamber can be approximated as the "tégzsger" time that is :
vV/¢ - where V = volume of the chamber
$ = gas flow rate

This is anlapproximation only since the gas does not sweep

the entire volume of the chamber with the same speed (d4 more ..

fundamental error is introduced by the fact that not all
clqsgérs will spend the same émoﬁnt of time in the chambér).
The4expression ;f the time spent in the cépillary is’éoﬁpiéi
énd, as a reéult,rvarious épproximations have beén‘used |
(Dau.73, Wei.75). A simple equation is.cbtained if the gas
speed reaches sonic velocity at the exit of the gas jet
(Mach nﬁmber —Hf'equai 1) -
L 2+M, | S

t, = - ( )
° a 3 H1

»

In this equation Hl is the Mach nuﬁber of the gas at

- . . - /-
the entrance of the capillary, and "a" is the speed of sound
in the gas.

Nevertheless since the half-lives of the radioactivities

measured extended to values as short as 1.5 second,it was

important to know the transit time with a precision better.

than .5 second (value which would he the lowest limit of
confidence if one used .the above assumptions). As a result,

the expefinent described previously (section II~C) was - -
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h

ca:ried put. Its'interprétation led to the formulation of

the following theory -

1) The gas inside the chamber was assumed to be mixed

'iﬁsa t{ﬁe short enough compare to the "turnover time", so

~that the spatial distribution of activity‘inside the chamber
could be considered constant throdghout the chamber.

2) The gas was assumed to move with a single flow rate;

o

(this is equivalent to assuming that the clusters are

- .

entirely focalised alomg the axis of the iubipg).

¢
Y »
g

7Qe then can define the variation of the number of
recoils " n " (total number) inside the chamber as :
dn/dt= product;op réte - decay rate - exit rate
- the proﬂuctidn-rate = gNIo
- the Qecay rgte = Xn
- the\éxit rate = n ¢ /V
we oétain ‘7; | o

/o

“dn ' - ¢

= eNIg - n ( A + — )
dt . . ! v

=

it can be seen that ¢/V is equivalent to a decay constant

and we call it "A" the exit constant ’ L -
3

dn/gt; eNIc - (X+A)n ’ ' ; B 7”7(})W

. E@" \fq‘



the solution of such. a differential equation is very simply:

o
i i a

eNIo

n = (l-exp=(A+A) L) (2)

A+ A

eNIoA
The exit rate = An =

(lrexp'()‘+")t) (3)
A+A . :

and consequently the collection rate Caftef a transit time

-

t, through the capillary) is given by:

C(t) = eNIo —E— exp= Ato(roexp=(A#A)(E-t)y -~ (4
A+A . |

After a furthe: delay time - t; - (time taken by the tape
to transpprtAthe rad?oadtivity in front of the detector, and
assuning that thertape spends a time t, , short compared
to the half-lives of the nuclides meas;red, in the field of
view of the detector) the counting rate of tﬁe alpha
detector becomes:

AAtz * ,
" a(t) = eNIo ——;:X—— exp” A(to"'t].,),(l-exp'o""ﬂ)(t'to)) (5)

This'expression can be of further interest. If one

i consider the case of a regular gas-jet.cbllection-counting
runniﬁg mode. Since in this case the beam is almost never

turned off, the equation (&) simplifiés, and becomes:
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- v

C(t) = ¢NIo exp" At +ty) g ()

A+ A
It ‘can be seen that’this equation is similar to a regulari

production of radioactivity with a usual bombarding

experiment with the . exception of the term A/A+A which takes
into account the decay of the products in the production
- chamher;;"ThigﬁleadS*to'a slight”modification of the usual
equations governing the buildupvof radioactivity. For
hd example, the number: of atoms‘no collected after a
collection time t. would be (In the case of a simple

decay): | ’ _ é‘\

eNlo . A s A & -.
n = , exp” Alto+ty) (l-exp™ te) (7)
A A+A oo ' ' -

.

'Obriouslyvthe initial;aesumptiOns may not always be,
entirelzﬁvalid, and especially at low flow rate, there cannot
be an inatantaneous uniform epacial distrihution of recoils
in the chamber. However this will have an effect only durinz
a very short periods of time (~.1 's) at the beginning of the

irradiation, as can be observad Fig 14-15, and as a result

is negligible. In order to test the second assumption, the -

-

- results were analysed assuming no focussing during

transportation and the correct ‘velocity distribution across

the radius of the capillary (equation (l)-Appendix I-l)."It



e : 145

was then impossible to reproduce the experimental results,

proving that indeed the focussing effect is quite

pronounced.




List of symgols

~

average gasrvelbcity

v
velocity at a radius r

Mach number (speed of-gas in units of sound velocity)

.Mach number at the inlet of the capiliary

velocity of the sound in the gas

gime taken by the clusters £o travel through the capillary
distance of the aerosol from the capillary axis |
radius of the capillaryr

the diameter of the tuﬁing

cross-sectiénal area of the capillary

léngth df the capillary |

volume of the production chamber

aerosol mass

radius of the clusters ~

-viscosity of the gas

El

pressure of the gas (P  refers to the stagnation state)

maximum velocity (along the axis of the capillary) .

Wtemperatureﬂofﬁthe~gas:{$6'fmffmf n "y
density of thergas ( o " | , " ’ ")
enthalpy (ho " - o o m .)
enthrépy (S " o "'i)a

(o}
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H ~<Q

mass flow rate of gas

volume flow rate of gas:

c,/c,

P

gas-constant ) ' .

Reynold”’s number

number of atoms per cm?

production cross-section

beam intensity

<«

decay constant of the recoils underwstudy

‘¢/V (exit constant)

gas jet efficiency

efficiency of the alpha detector.

T

co R
Sy

of effective target thickness

™



APPENDIX II

COMPUTER PROGRANMS

The following is a list of the computer programs
most often used, or of significance for the interpretation

of the results.

1 - DATA ACHAUISITION

A) FOLDAP

This is not properly speaking a “program bu; a
modification of the FbCAL interpreter. Programs written in
FOCAL are not translated into machine language to be stbredr
in the computer, but‘ére sto@ed'ong character at a ti;e as
typed on the prfnter’(of read from Deéfape). 'Duringklhe
Aprqgram execution the FOCAL compiler iﬁterprets and‘executés
each line as it is called for execution. Ardéscription of

-
i

the FOCAL language can be found in (Foc.70), and a complete

‘descriptidn of the functions added to it in FOLDAP can be
obtained from R.G.Korteling (Chemistry departmeht SuF.U).
Such a des&ription is not warranted here, and only their

"scope will be described. There are six types of functions

M



- a) Functions which allow the user Fo retrieve and/or x
modify the contents of absolute or index;d cére locations.

- b) Arithmetic conversion. They allow the user to convert
a number from decimal to octal, or binary (and vice versa).
This is especially useful for exampié-Qhen one'wiéhes to
examine a storage location bit by bit.

- ci Camac functions; They allow reading and writing from
and t; a g§£§C'crate, thus interfacing the program with the
various systems used. For example this has allowed control
of the gas-jet system. )

- d) Functional panel control. These functions are related
to the previous ones but instead of intéracting with the
Camac crate they do so with a control panel and thus allow
the user to control (stop,start,branch) the program during
execution. |

- e) Tape-file cpntrol. These functions control the
storage and retrieval of data files on tape (Dectape or
Hagtape)

- f) The last type of function controls fhe data

acquisition, and on line analysis'éf the incoming events as

required. ~ ' e

A complete listing of a program used would be of litgle .



value; however, to give the reader a feeling for the type of
language, an exerpt of the part dealing with the gas jet is

given in Fig.33.

TS

B) DUMB

S S

This is the second data acquisition progf&m u;ed.
As mentioned previouély, it was written for the NOVA 3
computer. 1Its general features'éfe'not‘unlike'é’(iéf§7' -
simplified version ;f FOLDAP. A listing of one of the
programs used is given in Fig.34. Such a program is very
impressive by ité‘conciseneés (ggch letfer is a command,
with the preceeding number(s) being its argument). Since it
is DUMB“s destiny to be retiredtshortly, it would be of
little inferest to give a &etailed-explahafion of the -

command and only a broad description of each line is thus

given in the Fig.34. . -

2 - DATA ANALYSIS

A) GAMANAL

‘A detailed deéhriﬁtion of the initial version can

"be found in (Gun.72). The one used at S.F.U was an

adaptation to the S.F.U computer of a version obtained from

the C.E.R.N. Following is a listing of the most important



Figure 33

Partial listing of a FOLDAP

program
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Figﬁreg34

Listing of a DUHB‘program

T
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OQSO,13K226,22X2;1222,1K,22*X§,2K,22+X2,§éi§2+Y2,4K,224XIC"
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8Q272<0,1002>

9QE26,22XT1K,13KI10,2K,22+4¥V0, 22XV
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" ¢ommand cardgigperatioﬁ;iféf75.?.6.”

EFFIN ': dinput of efficiency calibration
. - - . : t

[

ENCAiIB : 'energy calibration will be calculatgd from next
spectrum using a set of Known energiles
(following cards)

ENPARAMS : wused to enter energy calibration éoefficients,A;

P Sme

when known o B S

. &

PROCESS : this card and following convéj information as _ to

what analysis is to be'performed,\éﬁd:start thg"

FE

program. . ' - -
OPTIONS : input of the various‘print-eut optionms.
OPERATORS: input of the criteria for peak finding énd
fitting procedures.
SHAPEIN : %npﬁt of the peak=-shape pérameters‘when known.
SHA?EAKS : the following cards contain info;mation about
the peaks to be used for beak—shapérparameters
determination.

STOP : end of analesis.

*

The main charateristics of this program are as follow:

- 1) Background determination. It is performed globally for

‘the entire spectrum by a combination of successive

P

interpolations (using a step function) between data points
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on either sides of detected peaks, and smoothing of the new

.

spectra thus generated.

- " 4 . ' '
-~ 2) Peak determination and fitting. The peak detection is

pefformed through a combination ofvfirst and second
derivative methods (consideration being also given to the»
di}ference between the daté point and the computed
background). The peak fittihgvpfdcedure uses a function

which corresponds to a basic‘gauséién shape plus an

asymmetry term (on the low energy side of the peak).

As mentioned earlier it was found to give reliable
answers, even though.the shape of the alpha-peaks proyed to

be difficult to fit with the existing function.

B) DECALS (DEcay‘Curvé Analysis by Least Square fit)
This program performed the analysis;of the‘decay

curves of the wvarious activities measured. It ﬁses a
tegular iterative least squaf; fitting procedure with a
modified Gaus=-Jordan method.‘ In its present version, it can
accomodate up to 200 data points and 5 half-lives plus a
background. Following is a 1list of the command cards with
their description; (if the command field is left blank the =

IO

previous command iswassumed'bymdefauit)s
P
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DATA (what 1-4): one card for each data point
what 1= number of counts‘

wvhat 2= stértiﬁé@&ime of counting of this data po

ﬁon),default being end of previous

£
7 g

colle

counting time interval.

int

- . : "/
(relative to the end of irradiation and/o%f,}

what 3= length of counting interval (if 2ero,xdefau1t'

value is same as previous length)
A what 4= type of ﬁeight given to this data point:r
= 0 statistical weight - data
= ] unity
= 2 statistical weight - 2xdata
"> 2 this number is the weight of this data
BGD ?;hat 1-2): background infofmation
what 1= estimate of backgrouhﬁ pér unit of time
wvhat 2= 0: left floating
>0: fized to estimate
LAMRDA XX kwhat 1-5) . (one card per component)

¥X = blank: regular radiocoactive component

XX = PO : parent igotope not measured itself
XX = Pl t parent/isotope itself beihg measured
XX = D : daughter isotope of previously entered

& -

parent
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what 1-2= used only if guess of T1/2 is done by the

computer;'They correspond to data pOints\\g/}

—

used for guess by the program of Ti/Z o

Defaﬁlt values are guessed by the program.

li

what 3= T1/2' Default,estimateAdone > the program

what 4= N v .

what 5= 0 T1/2 and N, are both flogting

1 T1/2 is fixed , No va?iable

2 T1/2 variadble, No fixed

3 T1/2 and N; are both fixed
DELTA foLlOﬁSU}AMBDA (if what 5 of LAMBDA) >0
what 4, what 6= error on.T1/2 and/or N, fixed

COLLECT (what 1)

‘what 1= irradiation (or collection time) used by

program to~dalculate production rates (if .

not enteéred or what 1=0 no ‘production rate
calculated).

GO (what 1-4) start fitting procedure.

k4

what 1=Atype of recovery froﬁ diverging matrix
what 2= diagnostic printouf level

what 3= criterium for end of fit
. o - é

whgt 4= maximﬁm7ﬂumber of iterations - default=50

' Ti?@t Tbéfni;ﬁ'card is a title card

h‘
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RESET (what 1)
what 18-0 everything is reset
= ] the data are reset, the lambda of previous
fit are entered as initial estimates
= 2 the data are kept a#d will be fitted with
new estimates
PLOT x (what 1-5)
x= P = output on Calcomp plotter
X= G = graph oﬁ printer
x= R ; both plot and graph
" what 1= stagting time for plotting (default=start of
co%gting)
what 2= end time of plotting (def.=énd of counting)
whét 3; control size of graph
what 4-5= pontrpl X,Y‘éizg of plot

STOP exit from program

3 - CALCULATIONS OF THEORETICAL YIELDS

A) SILBERBERG - TSAO
This program was written in FORTRAN IV by
W.Wiesehahn according to the relations developed by

R.Silberberg and C.H.Tsao (The following is just a bragﬁ
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outline ofh;heir work and more detailed information may be
fouﬁd‘in (811.73)). Depending upon the target materiél, the
bombarding energy, and the products of which the yields’ére
computed, three types of interacfion are considered .

1) Fission

2) Stripping reaction : production éf nuclides.

close to the target mass |

3) Spallation process )
Since the cross-sedqtions measured in this study correspond
to the production of these nuclides for which one would
expect the spallation proceé§ to be predominant, the
calculat{ons leading to these cro;s-sections are the only
ones éhat will now be considered.

The evaluation of the yield oﬂ*Spallation-products is
performed using a modified_form of the Rudstam’s forﬁula
(Rud.66). )

The original and modified gquations are in essence
similar, the difference being that in order to‘reprpduce the
experimental data over a wide range of energy, (Ep >100 MeV)
and mosfhof the periodic tabie,°Silberberg and Tsao have

developed different expressions for the parameters as a

function of the bombarding energy, the target mass'and the
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product mass. Normalisation factors have as well been
]

introduced.

AN

B) ISOBAk

This program (ﬁar.74),is a high energy version of VEGAS
(Che.71), and w;s obtained from ZfFraenkel. It compute; the
intranuclear cascadevas d;scribed previously (séction IV);Q
and stores on magnetic tape the results cascade by céscade.
This ‘information may then afterwards be used as an inpug to
an evapofatioﬁ code. The computations performed follow

essentially thé description given in part.IV-A of the

intranuclear cascade.

Various options were available, and the choice of model
uéed was as follow.
- a) The nucleus was divided ihto 8 regions of decreasip;
) density (step model) with ﬁo refraction nor reflection

4

(although this 1is thebreticallj unsatisfaqtory, the .
experimental results havelgenerally been better reproduced
in this way (Che.71))

~ b) The total density was reduced after each collision

- ¢) The pion potential was constant with a value of ( MeV

- d) There was no distance restriction

- e) The isobar nucleon exchange scattering was not allowed
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C) EVA
This code ~provided by Z.Fraenkel - has been utilised

to compute the evaporation process, and compare the results

with the experimental data.

The characteristics of the excited nucleus after
completion of the intranuclear cascade are read from tape
(as computed by the ISOBAR program described previously) .
The evaporation is then computed by Monte Carlo calculations.
accofdihg to the formalism developed by I.Dostrovsky et al

§ v
(Dos.59).
The program utilises the Weisskopf formula for the

probability of emission of a particle j with a kinetic

energy betweén E and E+dE

P4(E)AE = G5 0 B [ W(g)/ W(y) ] dE

Where Gjn gjmj/ 72h? |, with g3 and mj;ghe

number of spin states and the mass of the particle j,.
respectively.

o] S’ the cross-sections for the inverse reaction ,'are
calculated using empirical equatiohs .

‘W ¢ the level densit§ is given by the formula :

W(E) =C exp{2(a(E-d)]1/2)
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The value of -C- 1is not;specffied, since\Bnly ratios of

level densities enter the Weisskopf formula. The energy
dependence of C is small compared to the exponential term,
and as a result ie neglected, as is the A dependence
(assuming that over the narrow trange of mass involved in a
single evaporation step, its variation is negligible). An
odd-even effect is:neve;theless taken into consideration ,
in theqfollowing way:

c

even-even 4xcodd-odd

C C 2xC

==
even-odd odd~even even=-even

d - is a pairing and shell effect correction term.

D) ALICE
This progrem computes the cross-sections for the
formation of products obtained by evaporation of a compound
ﬁucleus ( as decribed section iV-B). It has been developed
and written by M.Blan aqd F.Plasil. betailed information

may be found in (Bla.72b, Bla.73).

Using provided information (ta{get, projectile,
bombardﬁent energy) the properties oF'E compound'nucleus are
calculated (the Q of formation is computed using‘the
Myers—Swiateeki mass formula, and the eross-section USiﬁg a

parabolic model (Tho.59)). This compound nucleus then
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de-excites through evaporation of particles and/or fission.
Several options are available for the various calculafions‘
involved as debéribed below-r - The Myers-Swiatecki mass
formula is used to.compute'the -Q- of formation of the
compound nucleus as well as parficle binding energies (with
or without shell and pairing corrections) - The inverse
reaction cross-sections are obtained using the optical
model. = The effect of the angular momentum caﬁ be taken
into cﬁnsideration in several ways : either standard
Weisskopf-Ewing calculations can be performed or the s wave
approximation can be used, with the rotational energy
calculatedldn the basis of the rotating drop model or
ASSuming for the cohpound nucleus a rigid rotor moment of
inertia. - Alternatively, the user may enter i;s own

experimental values if so desired.

Fd

This program is fast , but the compound nucleus
assumptioﬁ limits its use in the case of a bombarding ene:gy
sof 480 MeV protons. Furthermore, since it is not of

Monte-Carlo type the number of products which can reasonably

a

be computed is limited (the normal values are A=10, 2=5).
; .

" This is why although this program was in running

condition at S.F.U. it was not retained for eomgarisbn\withr

"~



b.
the experimental data.
E) SFUMAP-FISMAP
a) SFUMAP -~ This code (Rud.69) is essentially similar,fo
' &

FISMAP (described below), the main difference béing that
only particle evaporation is considered. The deséription of
FISMAP thus applies to SFUMAP with the omission of the.

fission process. 7 4

©

b) FISMAPA- (Blo.75) -An initial compound nucleus is first
calculated (or read in) as an E-J matrix. In its preseht.
version, this matrix is dimensionned as 100x50 with ,a
maximum energy of 200 MeV, and a magimum_angular momentum of
100h. In principle nothing prevents these numbers fronm
being increéséd if heeded . The various prpbabilities ofi
de-excitation (fission, particle emission) from each nuclear
state (element of the E-J matri%) are calculated and ~
normalised to the matrix p0pulation.' The E-=J matrices of
the daughters tﬂus generated are iﬁ turn examined, apd the
process repeated until either fission or particle_eﬁission
is no longer possible from any stété of any residual-

nucleus.

As in ALICE, such information as inverse reaction
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cross~-sections, fission barrier, and level density parameter

can be either internally computed or entered By'the user .

Both codes are‘readily available at S.F.U.. Theyipresent
several advantages over the EVA codg, notably the |
consideration of angular momentum effects and the o
calculations of "exact" éross—sections. These calculafions
are not of the Monte Carlo type and thus even very low
cross-éection values will still be calculated. Nevertheless
the extension of the calculations to nuclides far from the
target increases by a large amount both the time and
computer’s memory size needed by the program, to an éxtehp

4

which would render its use impossible.




Ale.68
All.59

Azh.59

Bar.72

Ber.52

Ber.63

Ber.73
Ber.74
Ber.78

" Bet.36
Bey.67

Bis.76

Bla.70
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