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1. Introduction

The first motivation behind the present work wasregjuest of the
Department of Ecology of Lajos Kossuth Universieprecen, Hungary) in
1987. They asked the Cyclotron Application Departmef the Institute of
Nuclear Research of the Hungarian Academy of SeeitdTOMKI, Debrecen,
Hungary) to develop a radioactive tracer technigné later to combine it with
the thermometry method invented by Granier [1]ttalg the intensity of the sap-
flow in healthy and unhealthy oak trees at theasseforest area of the Sékiut
Project of Lajos Kossuth University (Debrecen, Hanyy. Some radioisotope of
sodium or potassium in no-carrier-added form hatddaconsidered as tracer to
avoid any undesirable concentration effect. Raglatprotection measures
prescribed by the regional authorities for the p&h field experiments lasting
several days limited the choice of radioisotope$N@ (T.,= 14.96 h),K (T4
= 12.36 h) and®K (T, = 22.3 h) [2]. These isotopes are frequently used a
tracers in various other types of studies, too.ldng term studies need
radioisotope of sodiunt’Na (T, = 2.6 y) [2] is applied usually’'Na and®*Na
are widely used for calibration of nuclear measweirdevices. The potential
applications of these isotopes induced us to fioskjble routes of production of
?Na, *Na, “K and*K at medium sized multiparticle acceleratorg <=0 MeV)
and especially at the MGC-20E cyclotron of ATOMKI.

As a first step, we experimentally studied the pmises of production of
*Na via the®’Al(n,a)*Na reaction at the 18 MeV p(Be) intense fast neutro
source at the MGC-20E cyclotron [3, 4, 5, 6]. Alaiam and A}O; powder were
irradiated with neutrons [7,8]. The difficulties ihe chemical separation 8Na
underlined the necessity of finding other routegsjtable for production of
radioisotopes of sodium or potassium.

A survey of the literature and the EXFOR data bafséhe Nuclear Data
Section of the International Atomic Energy AgendfHA, Vienna, Austria)
showed that the excitation functions of proton,tde:nn,SHe- and a-particle
induced reactions on neon isotopes are not welsaned even below 20 MeV. The
same was found for th8Ar(a,p)*K reaction which is the most commonly used
reaction for producing®K and it is the only one that fulfils the requiremtsof low
energy cyclotrons. Additionally, no theoreticaliesttion of the excitation function
of the™Ar(a,p)*K reaction had been published before our work. iHodd9] and
Avrigeanuet al. [10] emphasised that more cross section data woelldaluable



also for studying theo(,p) reaction mechanism. Also, new cross sectioa datuld
be useful to check, validate and/or improve theabdgpies of nuclear reaction
model codes.

Considering their Coulomb-barriers and Q-valuedeast the”Ne(p,nj"Na,
“Ne(dn)'®F, *NeCHe,pf°Na and *Ne(He,nf°Mg - ?Na reactions can have
some astrophysical interest, too. The Coulomb-eafor the?Ne(p,nf*Na and
“Ne(dp)'®F reactions is 2.7 MeV and 2.6 MeV, respectiveliijlevit is 4.9 MeV
for the*Ne(He,pf*Na and®Ne(He,nf*Mg — *Na reactions. The temperature in
silicon burning stars having Ne-rich core or stiglsome 4*18 K ( MeV). The
estimated peak temperature in the supernova egplagi single silicon burning
massive stars is B 4.5*1F K [11]. No detailed study dealing with these
processes in closed stellar systems has hithedn beported [12] but in these
cases the peak temperature in the shock wave isupernova explosion of a
silicon burning star might be even slightly highdiaking into account the
uncertainties of astrophysical model calculatighs, reactions mentioned above
might contribute to the explosive stellar nucledbgsis. Measurement of new
cross sections for the above reactions would beng&ribution to the international
activity to provide more complete nuclear data nexlifor new generation of
supernova models and codes [13].

As a summary, new excitation function measuremétgroton, deuteron,
*He- anda-particle induced nuclear processes on neon anthéAr(a,p)*K
reaction would provide valuable information for tear physics, nuclear
astrophysics as well as for optimisation of radite production at low energy
multiparticle cyclotrons for practical applications

Chapter 2 of this thesis gives a short overviewthenpractical applications
and production of°Na, *Na and®*K radioisotopes and on the available relevant
nuclear data. Chapter 3 summarises the basic agsas)f cross section and
yield measurements via the activation method ugiag targets. Chapter 4
presents the experimental techniques used andesiied measuring by us the
excitation functions of thé®Ne(d,x)*F, "NeCHe,xf**Na, "Ne(,x)***Na
processes and tHéAr(a,p) “K reaction. Calculated and measured thick target
yields are also presented. Chapter 5 describesn#thods developed by us to
produce significant amount of no-carrier add&da and**K radioisotopes at a
small multiparticle cyclotron. Chapter 6 presentsne results obtained by us
applying®Na and*K radioisotopes as tracers in studying the watmsport in
the trunks of mature oak trees. A reference listlgd given at the end of the
thesis.



2. Application and production of Na, **Na and **K
radioisotopes

2.1 Application of?Na,**Na and*K

A great number of specific applications of sodiumd apotassium
radioisotope$’Na [Ty,= 2.60 y, Q = 4788.1 keV, E= 1274.5 keV (99.94 %)),
*Na [Ty, = 14.96 h, @ = 5513.6 keV, E= 1368.6 keV (100 %), 2754.0 keV
(99.94 %)],** [T, = 7.636 min, @ = 4.916 MeV, E= 2.167 MeV (99.86 %)],
K [Tz =12.36 h, @ = 3.525 MeV, E= 1.525 MeV (18.8 %)] ant’K [Ty, =
22.3 h, Q =1.817 MeV, E= 220.58 keV (4.08 %), 372.81 keV (86.7 %), 396.93
keV (11.36 %), 593.39 keV (11.0 %), 617.51 keV @8@)] [2] have been
documented, e.g. by the Integrated Nuclear InfaonaSystem (INIS) of the
International Atomic Energy Agency, Vienna, Austria

“Na and*Na radioisotopes have been used as tracers inistudpw
patterns as well as velocity and flow rates ofdfu{e. g. melted glass in furnaces,
depositions in sewage pools, water in living orgers, etc.), and/or retention
times of solvents or components of mixtures tramgrgregularly shaped storage
volumes (e. g. cells, organs, flotation cells, diges, cokers, bleaching towers,
soils, etc.)?’Na and*Na are widely used for calibration of nuclear measent
devices.”Na has recently also been suggested for use ibratiin of PET
cameras [14]. The presence of Na-carrier is notr@lem in most of the
applications. Nevertheless, the no-carrier-addeoh fof sodium radioisotopes is
of advantage in microbiological experiments whem itfitial sodium uptake rate
of cells at zero extracellular initial sodium contration is studied [15].

Of radioisotopes of potassiufiK has the longest half life making it the most
practical for use in experiments lasting severgbda various types of biomedical
and plant physiological studies. Most of the puigd biomedical applications of
3 are forin vivo use in humans®K has been utilised for myocardial function
studies [16, 17, 18], ischaemia studies [19] amdnfany cardiovascular studies
[20]. There have been examples of the applicatibri’é for studying the
electrolyte distribution and exchangeable potassiuthe human body [21, 22, 23,
24, 25] and for body space and potassium transpeasurements [26, 27]. It has
also been used for studies concerning transporhamésms in cell membranes

[28].



2.2 Routes for production 6fNa and®Na

“’Na and®Na are produced most frequentlg neutron induced reactions on
Na, Mg and Al at nuclear reactors. On the isotapfethese target elements, the
following neutron induced reaction channels arenepefor E < 20 MeV:
“Na(n,2nfNa (Q = -12.42 MeV, [ = 12.96 MeV),*Na(ny)*Na (Q = 6.96
MeV), *Mg(n,pf*Na (Q = - 4.73 MeV, E= 4.93 MeV),*Mg(n,df*Na (Q = -
9.84 MeV, E,= 10.24 MeV)>*Mg(n,pnf*Na (Q = - 12.1 MeV, = 12.55 MeV)
and?’Al(n,0)*Na (Q = - 3.13 MeV, E= 3.25 MeV). Many experimental and
evaluated data can be found in the different nudliega libraries (e. g. CSISRS
and ENDF) for these reactions illustrating thatthee quite well measured.

Several charged particle induced reactions leatedormation of?Na and
*Na. At this time the EXFOR data base of the NuclPata Section of the
International Atomic Energy Agency (IAEA, Viennaustria) seems to be the
most complete source of measured and calculatedearualata for these
reactions. A comprehensive collection of availaleleperimental excitation
function data can be found in [29] and [30] for torg deuteron®He- anda-
particle induced reactions at low and intermedpatgectile energies. Calculated
integral yields in tabulated form are listed fornpaieactions by Dmitrijev [31].

The problems of targetry and chemical separatiothef product can be
solved relatively easily in the cases of employimgton, deuteron®He- anda-
particle induced processes on isotopes of F, Ne,M¢pand Al leading to the
formation of?Na and®’Na. These routes can be suitable for produéiNg and
**Na with yield of 10" kBg/uAh or higher below 40 MeV incident charged
particle energy considering their Q-values and ahailable excitation function
data (Table 2-1.).

2.3 Production of®F, Na and®’Na on isotopes of Neon

Not only #Na and®Na but the positron emitter radioisotof® can be
produced via nuclear reactions induced by proteateton He- anda-particles
on isotopes of Neon®F is widely used for nuclear medicine especially fo
Positron Emission Tomograpy (PET) studies. Deggfitdnis fact, only a few cross
section data have been published on these processes

Reddyet al.[32] measured cross sections of thée(p,p2ni®™Ne - °F and
*Ne(p,2pn°F reactions in the energy range 25 Me¥, < 100 MeV.



Table 2-1.A comprehensive list of literature relevant to freduction of""Na
and*Na via proton, deuteroriHe- anda-particle induced nuclear reactions on
isotopes of F, Na, Mg and Al.

Product Route Reference
2Na ¥ (a,n) Albert et al. [29]
Normanet al.[33]
ZNa(p,x) lljionovet al.[30]
SNa(d,x) Boweret al. [34]
Langeet al.[35]
"aMg(p,x) llionov et al.[30]
Mg(p,a) Meadowset al.[36]
Cohenet al.[37]
"aMg(d,x) Dmitrijev [31]
2’Al(p,x) Bodemanret al.[38]
27Al(d,x) Michel et al.[39]
Martenset al. [40]
27AI(PHe,x) Cochraret al.[41]
Brill [42]
Lamb [43]
Michel et al.[39]
27Al( o, X) Martenset al. [40]
2Na Na(d,p) Boweret al.[34]
Langeet al.[35]
"aMg(p,x) Wilsonet al. [44]
"aMg(a,x) Cohenet al.[45]
Meadowset al.[46]
"aiMg(d,x) Wilsonet al.[44]
Bartellet al.[47]
ZMg(d,a) Rohmet al. [48]
"2Mg(a,x) Frantsvoget al. [49]
27Al(p,x) Hintz et al[50]
Cumming [51]
Miyano [52]
Holub et al.[53]
Grtter [54]
Schneideet al.[55]
27Al(d,x) Weinreichet al. [56]
Michel et al.[39]
Martenset al. [40
Rohmet al.[48]
ZIAl(PHe,x) Weinreichet al. [56]
Cochraret al.[41]
Brill [42]
Lamb [43]
ZIAI( a1, x) Martenset al. [40]
Lindsayet al.[57]
Michel et al.[58]




Ruth [59] reported a method for production 8F via the “Ne(p,x)"*F
process. Thé’Ne(p,nf’Na reaction was investigated by Saatnal. [60] and
recently, in more details, Takaes al.[14] the energy range 5 Me¥ E, < 18
MeV.

Nuclear data for th&Ne(da)'®F reaction and th&Ne(d,x) processes are also
rather scarce although tftNe(dp)*®F reaction is widely used for production’tf
labelled F gas for nuclear medicine purposes. Guillaume fid Nozakiet al.
[62] published only excitation curves for tA®e(da)™F reaction in the energy
range from threshold up to 15 MeV. Experimentabexmwere not published by
them. Backhausemt al. [63] published measured cross sections in theggner
region of 20 MeV< E; < 50 MeV for these reactions. Targetry solutions and
measured thick target yields were published by bagtSolar and Carvacho [64]
and Helust al.[65].

Experimental studies done 8#Ne at Jilich [63, 66, 67], i. &Ne(CHe,x)
and™Ne(a,x) processes, dealt only with the productiodRé, **F and'®Ne. For
the "Ne(a,x)*Na process only the thick target yield was measateB, = 27
MeV [68]. The "Ne(CHe,xf**Na processes have not been investigated
experimentally.

2.4 Routes for production éfK

Numerous papers have been published on the detaaftitK as product in
alpha,**C and some other heavy ion induced nuclear reac(aee e.g. the EXFOR
data base of the Nuclear Data Section of the IAZi&nna). Only some of the
numerous possible routes are of practical impoetaarad have been used for the
production of*K for labelling purposes®Ar(a,p) [69, 70, 71, 72]**Caf.p) [73,
74], “*Ca(n,p) [75],"V(p,spall) [20, 76, 77, 78] antdV(d,2apn) [79]. Although
the*®Ar(a,p)*K reaction is the most commonly used one for pcowK, only a
few data points for its excitation function havesibbeneasured (Tanaka al.[80]).
Data for the thick target yield published by diffet groups also show large
deviations.

In order to achieve an efficient production andowety procedure fof°K
produced via the*™Ar(a,p) reaction, different technical solutions haveerbe
developed in different laboratories. In most cdsgb-volume-low pressure targets,
used in batch mode, were employed. The producédtaetas collected by rinsing



an internal collecting electrode [69] or an intéisnanserted rotating liner [61] or
the target chamber wall by a steaming method [81].

Studies of the penetration of bombarding beamsagtgrgets have shown a
significant density reduction in the bombarded wwuof the gas, which results a
low production yield and undesirable activatiorttod target chamber. The density
reduction can be minimised by avoiding dead volumesounding the beam strike
region, using a small volume and high pressurest489]. Another advantage of a
small volume chamber is that it allows the collectof the activity in a smaller
volume of rinsing solvent [72]. However, the higlegsure targets require thicker
windows and better cooling conditions. Recentlyk@iayi et al. [83] investigated
the static and dynamic effects in targets contginieon or Argon gas and
irradiated byo-particles. They used an optical method and thegieti alterations
of the density reduction at different beam inteesiand pressures.

An alternative way to avoid the complicated andfewtive recovery of the
*¥ activity produced in a large volume target andeduce the radiation hazard
during the recovery procedure is to use the coatiadlow mode for flushing the
argon and the product nuclei out of the targetmeluThe activity can be collected
on an external filter from which it can easily mmoved by washing [70, 71].
However, a decreasing recovery yield has been wisde@ver long time periods due
to the increasing adsorption of the potassium byatbminium target walls [81].



3. Basic assumptions of cross section and yield
measurements via the activation method using gas
targets

3.1 Cross section measurements

The change of density of active nuclei producedabguclear reaction of
type 1(i,j)J at a point P in an irradiated target i

Ei;max

dnj(rp;t):[p'(:f/l;tl)m/NAgcgis I 1(reit; E1)o(Ei )8 = Ay (5p; ) o

(3.1)
The meaning of symbolsin (3.1) are:

ny density of product nuclei,

’?: position vector of the point P,

t time

Yol density of target nuclei,

dv an infinitesimally small volume around the point P,
M, molar mass of the target material,

Na the Avogadro number,

Oc chemical abundance of the target element in theixnat
Os isotopic abundance of the target nuclei,

¢,E  flux and energy of the bombarding particles, retpely,
o(E) excitation function of the I(i,j)J nuclear reactjon
A; decay constant of the radioactive isotope to bdymred.

The activity is defined asy(t)=A;n;(t). The determination of the excitation
function o(E) on the basis of equation ( 3.1 ) is the same probl
mathematically, than the problem of neutron spectunfolding from a set of
measured reaction rates and well known excitatimetions in neutron physics.

The sophisticated unfolding @f(E;) could be performed if thaJ(’?;t), ,q(’?;;t)

distributions and a set af(’»;t;E;) and the necessary covariance information
would be available.



In practice, the irradiation conditions enableraer way of determination
of g(E). Typically the incident charged particle beam gsidsi monoenergetic"
and its divergence is small. Inhomogenity of therent density distribution is
supposed to be small. It can be ensured by apptepbeam transportation.
Especially in the cases of gas targets, low cusrané used to keep the density
reduction negligible and themis considered to be constant and homogenous in
the irradiated volume. At these circumstances tioblpm ( 3.1 ) can be reduced

to a 1-dimensional one ar;mj’?;;t;Ei) can be written in the following form:

1 (t)

¢(X;t; Ei;O; E;i; Ei;x) = *w(Ei;o; Ei)* )(( E: BEx X)

2
zed/2) 7
(3.2)
where
X is the depth in the target,
Eio is the average energy of the bombarding particfes an the
surface of the target,
Eix is the energy of the patrticle i at the depth xhia target,
it is the current of the bombarding beam at the itgtan
Z is the atomic number of the bombarding particles,
e is the elementary charge of electron,
d is the diameter of the bombarding beam,

UEio;Ei) is the probability density for the incident pantislat the surface
of the target to have an enelfgy

X(Ei;Eix;x) is the probability density for the i particle ofexgy E; at the
surface of the target to have a reaction enErgwt a deptkx.

The distribution(E;.o;E;) is approximately Gaussian with a parameier
2
. (Ei-Eio)
(3.3)

The x(Ei;Eix;x) describes the straggling effects and it can benastid using
the Vavilov-Landau theory (see e. g. [84]). Forgtarpenetration depth, the
distribution of the energy loss is approximatelyu€sian:



C (Eren(eend,)

)((Ei; Ei;x;X) = Toer © 0.36r 2
(3.4)
and
= 1/2
r =093z (Z_'xj (MeV)
A
(3.5)
where
(E- Eix)o denotes the mean energy loss corresponding toetbié df,
7 is the average atomic number of the target,
A is the average mass number of the target.
The relation betweexand(E;- E;.x), is the following:
. £ dE;
Ei-(Ei-Ex)o S(Ei)
(3.6)

whereS(E) is the stopping power for the i particles as afiom of energy. After
these considerations ( 3.1 ) can be written ifdHewing form:

dﬂ+/l\]nj =:0| NAgcgis(d/z)z* 1(t) * ? T DJ?I//(EO E)X(E g, )0( E)dE dE dx
dt M, Zie(d/2)2 X=0Ei=0Ei;x=0| i; |E Bx .

(3.7)

whereD is the thickness of the target. For o, the formation and the decay of
nuclei of type J are in equilibrium at a constantentl. Thendn,/dt = 0 and

1 D w o
M*j [ jwi(Ei;O;Ei)Xi(Ei;Ec;x)U(Ef)dEi;xdEr dx

Aj:sat=Agng (o) =
Mize o =0, =0

(3.8)
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whereA;.s IS the saturation activity. For a specific averaggdent energyE;o,
in practice, only an averaged value of the crossie is determined from the
measurements. It is defined as
D [ [
J .[ Jwi(Ei;O;Ei)Xi(Ei;Ei;x)U(E)dEi;xdE dX.
x=0E;=0E;,=0
D 00 00
[ J‘/li(Ei;O;Ei)Xi(Ei;Ei;x)dEi;xdEi dx
X=0E;=0E;4=0

<0 (Ej,g) >=

(3.9)

It can be supposed that the total flux of the chdngarticle beam is the same
before and behind the target because the smak sexdion of nuclear reactions.
Then the relationship between the activity of thegét at the end of irradiation
(End Of BombardmentA;.e0s and the average cross sectioo> can be written
as

Py NaG. 9D
AJ;EOBZW*H*<J>

(3.10)

where

H = kznzl[l k* (l—exp(‘ Ayt _tk—l)))*eXp(_ Aslteos-t "))]

(3.11)

The averaged cross sectiow> can be calculated by the following way

- Mize . A .
PiNAG.9DH TIECE

<0 >

(3.12)

The EOB activityA;eop Can be calculated from the counts detected by the
measuring system and corrected for the backgrobmthe case of employing
gamma spectrometry,

1,C
eXp(‘ A3 tc) *(1_ exp(— A3 tm)) *Ecorr

Aj.eoB =

(3.13)
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where
C is the net area of one of the relevant full engrigygto peak,
tc Is the time elapsed from the end of the irradiatioithe start of
the activity measurement
tm is the real time of the measurement.

The factorg,y in (1 3.13) includes corrections for differentdes:

Ecorr = Ep* ECT £)F 7t|'tIVE
m
(3.14)
where

& IS the ratio of decays result the gamma line todented,
& is the correction for random and true coincidences,
& is the detection efficiency for the full energy gampeak to be

counted
tLve is the live time of the measurement provided by reasuring

system.

The energy of incident particles can be high enaiogbpen other reaction
channels (e.g. break up of the outgoing partigeeylucing nuclei of J-type. A
cumulative cross section is measured by the adivatethod in this case.
Moreover, in many practical cases, some of the rotbetopes of the target
element also contribute to the formation of J-typelei and then cumulated
elemental cross sections are resulted. Equatiottssothapter can be generalised
easily for these cases.

3.2 Yields

The yield achievable using a homogenous targdtioknesD is

Y(D;Ei;o)fip'NAgcgiS*'ID [ (B0 &) Xi(Eit Eix)o{ B )dE x dE ax
Mi xeog=0E;,=0
(3.15)

If D is higher than the maximal range of the bombardiagicles in the target
then theY(D;E,) is called thick target yield. The integral yield the I(i,j)J
reaction is defined as
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A NG, gis,* Ei:J'Ei;OU(Ei)EE‘ .
M E,=0 s(E;)

¥(Eio)

(3.16)
Obviously, it is valid tha¥ (D;E.) < Y(E.).

The left side of Eq. (3.7) is used to define otyields used in the practice of
radioisotope production [85]. They are derived freatues ofA;(t) measured at
specific instants i.e. at thend Of an Instantaneou8ombardment (EOIB) or
after 1 h or at theEnd Of Bombardment (EOB). They are defined for both
infinitesimally thin and thick targets. Theoretigathey could be calculated as
the time integrals of the right side of Eq. (3.73ing the relevant target
thicknesses. In practica{Ei.;Ei), X(Ei;Eix) and, in gas targets, the density
distribution are not known exactly.
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4. Excitation functions of the "'Ne(d,x)"*F,
"NeCHe,x)***Na, "Ne(@,x)***Na processes and
the “Ar(a,p)*K reaction

We have measured cross sections of "fide(d,x)°F, "“Ne(CHe,xf**Na,
"Ne(a,x)***Na processes and th8r(a,p)**K reactions at various energies of
incident particle. This chapter includes a briefmmary of experimental
techniques used and results of excitation funati@asurements presented by us
in Papers 1-4 [86, 87, 88, 89].

4.1 The experimental technique

Irradiations were carried out at the external beftme MGC-20E cyclotron
at ATOMKI (Debrecen) [90] and the CV 28 compact loyion at Institut fir
Nuklearchemie, Forschungszentrum Jilich GmbH (BlBermany).

Excitation functions were measured by the activaticzethod using single
and stacked gas cell targets. The experimentalniggbs were similar or
identical to those described in more detail in salvearlier publications from
Julich and Debrecen [cf. Refs. 14, 63, 66, 6792].,

Stainless steel cells (2 cm dia, 2.5 cm length)rftawindows of different
thicknesses (1@m Ti, 22um Ti, 25um Ag or 50um Al) were filled with the
target gas (technical purity argon or 99.99 % puréon gas) up to 100 - 300 kPa
(1 - 3 bar) using the gas handling and pressuresunieg system described in
Ref. [92]. Collimated beams (d&a5 mm) were used and at most three cells were
stacked together to contain the whole broadenenh lwgithin the targets [91]. In
the case of measuring the excitation function & "®Ne(He,xf’Na process,
several experiments were conducted using gas wétlisa cylindrical internal
aluminium liner inserted in each of them. This a#a an easy removal of the
produced activity from the cell [cf. Refs. 66, 67].

The energies of the primary beams were determinaddeflection in a
calibrated magnetic field at the Debrecen cycloti@8] and by measuring the
separation between neighbouring bunches in the earsport line at the CV 28
cyclotron in Julich [94].
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Aluminium, titanium and copper foils were used &grhde the beam energy
to the desired value and to monitor the intensitd &he energy of the
bombarding beam. The windows of the gas targes selived as monitor foil, as
well, in many cases.

The number of bombarding particles was determiret from direct beam
current measurement via electric charge collectrora Faraday cup and by
monitor reactions. Th&Ti(d,x)*®v [95] and the"Ti(*He,x)*®v reactions [56,
96] were used for monitoring the intensity and énergy of the deuteron arfide
particles over the whole energy range. Above 15 M#he “’Al(*He,xf°Na
reaction [39, 41, 42, 43Jnduced in separate monitor foils was also usdph#
particle beams were monitored via tA&i(a,x)>'Cr, [56, 96] and®Cu(a,x)*°Ga
[96]. The flux values obtained via different momit@actions at a given energy
point agreed within 5 %. The maximum deviationswasn the flux values
obtained via monitor reactions and Faraday-cup uoreaents were
approximately 20 % at the first cells and some 38t%e last cells. The average
of flux values obtained from the monitor reactiomas used for cross section
calculations.

Irradiations were done at beam currentS00 nA to minimise the density
reduction of the target gas.

4.1.1 Treatment of targets after irradiation and activityeasurements

"NelfHe, xf**Na, "“Ne(a,x)***Na and®Ar(a,p)*°K

In the most cases, using Ti windows, the producetivity could be
determined without removing the gas from the iraseti cell.

In some experiments done in Julich using Ti windewd neon gas as target
material, the produced*Na activity was removed from the cell by rinsingtwi
solution containing carrier (for details see Papf86]) and the extent of activity
removal was investigated via counting separatedifuid fraction and the target
chamber containing some residual activity. The potion of ***Na in the
windows was also checked by this way and it wasdaw be negligible.

The primary aim of experiments done in Jilich usidgand Ag windows
and liners was the determination of the excitafiorction of the™NeCHe,x)'Be
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process. However, the treatment of gas cells aadnéthod of radiochemical
separation of’Be (for details see Refs. [66, 67]) enabled thentjtative
measurement of the amount?fla produced, too. In the case of Al windows, a
significant correction was necessary for tfida activity formed in the windows
(for details see Paper 3 [86]). A fitted averagethed experimental excitation
functions reported in the literature [cf. Refs. 39, 42, 43] was used for this
correction.

The activities were measured using high-resolug@mma-ray spectroscopy
(i.,e. HPGe detectors with the necessary electrom€s multichannel analyzer
cards and spectrum evaluation softwares). Countiag done at large detector-
source distances to keep low the pile up and cdémge losses and to avoid
calibration problems for extended sources.

"iNe(d,x}°F

In the case of investigating the excitation funatiof the "Ne(d,x)'*F
nuclear reaction, the activity of the positron ¢imif ‘°F was determined by
gamma spectrometry using a HPGe detector. The iogumias done at large
source-detector distances. Decay curves were mezh8urdentify the half-life of
'®F isotope. The two ends of the irradiated gas eedise covered by aluminium
disks of 1 mm thickness while counting the 511 kahihilation peak of the
gamma spectrum. The coverage ensured the locahsatfi the annihilation of
positrons within the sample area. It was checked pgogitron emission
tomography at the PET camera of the PET Centréh@fUniversity Medical
School of Debrecen. Tomograms of both the uncovereti covered irradiated
target were taken. A standafiNa source was used to determine the detection
efficiency for the actual geometry.

4.2 Determination of the mean energies

The energy loss of the bombarding beam was detedmby calculation
using data and methods in Refs. [97, 98]. Moniwmifsfwere also applied to
evaluate the actual target thicknesses.

The mean energy of the beam at the middle of ttealimted cell and the
monitor foil was computed as described earlier Réfs. 99, 100]. It was also
used for the determination of the target thicknd$ss was done by measuring
the induced activity in the foils and comparing themthe activities estimated
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from the calculated energy loss along the stackth& computation method
described in Ref. [99].

4.3 Error estimations

The total error of cross sections was obtainedumynsing in quadrature the
relative errors of the factors encountered in tlewination of the cross
sections: determination of the disintegration r@tatistical error and peak area
analysis 1-20 %, detector efficiency 5 %, decay @b, aliquotization of rinse
solution 10 %); the number of target nuclei (taggetssure 5 %, membrane effect
of the target window 3 %, density reduction by beheating 5 %) and the
particle intensity 8 %.

The total error in the energy of each cross seqimint was also estimated.
Uncertainties in the primary energies of the inoidearticles, the tabulated
values of the range - energy relationships, thetfiicknesses, the gas pressures
and beam energy straggling were taken into acdauhe error estimation.

Some other additional sources of errors had todosidered in the cases of
the"™Ne(CHe,xf**Na and™Ne(@,x)***Na processes. Stacks of gas cells with Al
windows were irradiated in some experiments. Atrgies above 14 MeV the
contribution from aluminium windows t&Na formation is comparable to the
total activity. The error involved in the estimatimf the correction for the
activity produced in the aluminium windows was atsmsidered. It gives the
main contribution to the total error of data ob&rusing gas cells filled up to 1
bar. Special corrections were necessary in effediiwget thickness and beam
flux for the points below 5 MeV since part of theam either was stopped inside
the target gas or its energy was below the Coulbarker (4.7 - 5.0 MeV). The
uncertainties both in the cross section and theggrexale of the points below 5
MeV are therefore inherently larger than thosenheftiigher energy points.

4.4 Experimental excitation functions

The cross section data measured by us for tABle(d,x)°F,
"NeCHe,xY**Na, "™Ne(a,x)***Na processes and for théNe(da)®F and
“Ar(a,p)K reactions and their uncertainties for variousjgetile energies are
presented in Table 4-1 -Table 4-4 and Figure 4Higure 4.6. The energy
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uncertainties are the FWHM values of the calculaedrgy distributions of the
bombarding particles. The cross section uncertsrare for & values.

The data presented f8tNe are elemental cross sections, i.e. they describe
the formation cross sections of activation produatssuming neon to be
monoisotopic. They include the contribution of alliclear reactions leading
directly, or through possible decay processes pfesmtermediate nuclei, to the
formation of the products under investigatiéfNa, for example, is produced
directly in nuclear reactions as well as via theayeof the 3.6 $°Mg. *Na, on
the other hand, is produced only by a combinatioseweral nuclear reactions.

"iNe(d,x}°F and*Ne(da)'*F

The ®Ne(da)'®F (Q = 2.79 MeV) reaction is the only contributirgaction
below E = 4.35 MeV. The threshold energy of tfi&le(dan)®F (Q = - 3.97
MeV) reaction is = 4.35 MeV. Above E = 15.64 MeV theé’Ne(da2n)'*F (Q
= - 14.33 MeV) also contributes to the formatiort®% Below 7.2 MeV our data
are in good agreement with the curve published autlexperimental errors by
Nozaki et al. [62]. It can be concluded that new data are neddeclear the
discrepancies above 7.2 MeV.

Error! Not a valid link.

Figure 4.1.Excitation function of th&Ne(d,x)*F process (Paper 4 [87]).

Table 4-1.Measured cross sections of tAdle(d,x)"*F process [87].

Energy (MeV) o (mb)
2.8+£0.4 126.0+ 16.9
3.9+ 0.5 180.7 24.3
4.6+ 0.3 201.8+ 27.1
6.2+ 0.3 222.6+ 29.9
6.8+ 0.3 195.8+ 26.3
7.2+ 0.3 173.3t 23.3
8.5+ 0.3 163.5+ 22.0

"iNefHe,xf*Na
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Cross sections and the excitation function of téeHe, x*Na process
measured by us are given in Table 4-2 and Figwerdspectively. These are the
first published excitation function data for thisopess as far as we know. The
formation of*Na starts at low energies and reaches a maximwuoroé 140 mb
at about 5 MeV. The main contributing processedoat energies are the
“Ne(He,py*Na and*NeCHe,nf°Mg - *Na reactions on the highly abundant
target isotope®Ne(90.51 %). The long tail of the excitation fumcti and
especially some enhancement in the cross sectieneagies above 25 MeV are
possibly due to contributions from direct interao8 as well as from reactions
with higher thresholds on the less abund&xe(0.27 %) and*Ne(9.22 %) target
nuclei.

"iNefHe,xf*Na

The excitation function of th&Ne(He,xf'Na process is given in Figure
4.3. Cross sections obtained are given also ineTd#t. No other cross section
data was found for this process in the literatlitee formation of“Na also starts
at very low energies and has a maximum value ofesémimb at about 5 MeV. It
is produced exclusively via tiféNeHe,pf’Na reaction. The pure isotopic cross
sections can therefore be obtained by normalisadfothe elemental values to
100 % abundance &fNe. The increase in the cross section at energiesea20
MeV is attributed to direct interactions. Sincethl data were obtained using Ti
windows, the contribution of th&Al(n,a)*’Na reaction induced by secondary
neutrons can be excluded. Presumably at high pilgjeenergies an increased
population of some very high lying energy level$°dg occurs. Those levels are
unstable against proton decay [cf. Ref. 101], theeding to an enhanced
formation of the nucleu®Na.

Table 4-2. Measured cross sections of tie(He,xY**Na processes (from
Paper 3 [86]).

natNeCHe, x)??Na "aNeCHe, x)*Na
Energy (o} o
(MeV) (mb) (mb)
15 (15, +2.0) 745+ 59.6 2.7 (2.2, +1.7)
2.0 (2.0, +2.4) 2.4 (2.4, +9.5) 0.0 (-0, +2)
28 (-2.8, +3.2) 103.5% 62.1 33 (2.0, +1.2)
57+2.2 132.%+17.8 3.6+ 0.8
5.9+2.3 148.7+ 23.3 4.5+ 0.9
9.7+ 1.7 73.5+ 10.6 2.0+ 0.4
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104+ 1.4 77.3+13.2

10.7+15 79.8+12.2 3.1+ 0.7
11.6£15 53.8 8.2 1.6+ 0.3
11.7+1.6 48.2+ 8.1 0.8+ 0.2
12.7+1.3 59.7+ 11.0 1.8+ 0.4
13.4+ 1.6 59.5+ 10.0

14.1+1.2 56.8+ 9.4 1.4+ 0.3
14.4+ 1.3 56.3+ 12.9

155+ 14 60.1+ 10.2

16.5+1.1 22.0+4.3 1.0+ 0.2
17.6x1.0 15.8+ 6.4 0.4+ 0.1
17.6+1.2 30.8+ 5.2 0.4+ 0.1
18.3+1.2 34.5+ 6.9

18.7+ 0.8 29.0+ 5.5

19.4+ 1.3 37.6+ 6.3 1.1+ 0.3
20.0+1.0 27.3+5.5

22.2: 0.9 24.4+ 20.4

22.4+0.9 242+ 5.7

22.5+0.9 23.¥3.9 0.6+ 0.1
23.7+15 32.9+5.5 1.7+ 0.4
23.9+0.9 29.0+£4.9 0.7+ 0.2
26.2+1.3 28.9+ 4.9 1.4+ 0.3
27.7+1.2 31.1+ 5.2 2.0£0.5
28.1+ 0.8 48.9+ 19.1

29.9+1.0 29.2+ 4.9 1.4+ 0.3
30.0+ 0.6 9.6+ 1.8

30.3+£0.5 30.8+ 15.6

31.3+0.9 33.6£ 5.7 2.4+ 0.5
33.3+£0.7 25.9%%4.4 2.2+ 05
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Figure 4.2.Measured excitation function of ti¥NeHe,xf’Na nuclear process
(from Paper 3 [86]).
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Figure 4.3. Measured excitation function of th&Ne(He,xf*Na nuclear
process (from Paper 3 [86]).
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Figure 4.4. Measured excitation function of tH&Ne(a,x)*Na nuclear process
(from Paper 3 [86]).
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Figure 4.5. Measured excitation function of t#&\e(a,x)**Na nuclear process
(from Paper 3 [86]).
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"iNe(a,x)*Na and"Ne(a,x)**Na

The excitation functions of th&Ne(a,x)*Na and™Ne(,x)**Na processes are
given in Figure 4.4 and Figure 4.5. The cross eastiobtained by us are
presented in Table 4-3 for both processes. No otla¢a was found in the
literature. Only a few data points could be measuoe the formation of both
*Na and *Na since the contributing processes have high hbids. The
production of°Na starts around 15 MeV and the contributing preessare the
(a,pxn) and ,xn) reactions on neon isotopes. In the caséNa, the*Ne(a,pn)
reaction is the main contributing process, startatgabout 15 MeV. The
contribution of the’'Ne(a,p) reaction at lower energies is very small du¢hto
very low isotopic abundance 8Ne in natural Ne.

Table 4-3.Measured cross sections "BNe(a,x)***Na processes (from Paper 3
[86]).

"Ne@,x)®Na || "Ne(@,x)*Na
Energy o o
(MeV) (mb) (mb)

2.6 (-2.6 +3.0) 0.03 (:0.0,+0.3
12.0£ 1.6 4.7+ 4.7 0.4+ 0.4
13.8+1.4 6.4+ 6.4 0.5+ 0.4
145+ 1.6 1.2+ 1.2 0.7£0.3
16.4+ 1.5 1.2+1.2 2.0+ 0.5
21.0+1.2 32.0+ 4.8 9.0£14
225+1.0 70.2+ 10.5 12.1+ 1.8

“Ar(a,p)PK

The measured cross sections are presented in HableThe excitation
function is shown in Figure 4.6. The excitationdtion exhibits a maximum cross
section of about 70 mb at around 17 MeV. The fesg<Ersection values found in
the literature and measured by Tanakal. [80] are also shown in Figure 4.6. The
two results are in acceptable agreement, althobglhdata of Tanakat al. [80]
seem to be shifted towards a slightly higher energy
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Table 4-4.Cross sections for tHéAr(a,p)*K reaction (from Paper 2 [89]).

Energy (o] Energy o
(MeV) (mb) (MeV) (mb)
89+1.0 6.2+0.8 146 0.4 57.3+6.9
9.8+0.9 31+x04 152+04 64.7 £ 7.9

108+1.0 125+15 16.0+0.6 56.6 +6..

10.9+£0.7 22027 16.2+0.3 69.7 + 8.4

11.7+£0.7 22.8+2.8 16.7+0.3 79.9+9.4

12.7+0.7 23.2+28 175+0.6 58.4 +7.(

128+0.6 39.4+48 20.1+0.3 62.6+7.9

135+0.5 419+5.1 21.4+0.3 49.8 +6.(

100

I 4 This work
90 —i“oAr(a,p)“K This work, eye-fitted
80 i — —STAPRE (this work)
L ‘ w Tanaka et al. (1960

70 ‘ .
60 | }m\k
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40 ‘ﬁ{, == !
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I ~ / \\
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Incident alpha energy (MeV)

Cross section (mb)

Figure 4.6. Measured excitation function of tH8Ar(a,p)*K nuclear reaction
(from Papers 1and 2 [88, 89]).

The experimental results were compared with restdisulated with the
model code STAPRE [102] which uses the Hauser-FBesthformula for the
equilibrium and the exciton model for the pre-eipuilm contribution. Neutron,
proton anda-emission was taken into account and the transomsspefficients
for the particles were calculated by the opticadeiaccode SCAT-2 [103]. More
details of the calculation can be found in Papf92.

24



The calculated excitation function is shown in Fe4.6. Comparison with
the experimental data shows that above 12 MeV dlmikation underestimates the
experimental data while a significant overestinaigobserved near the threshold.
This discrepancy may indicate an inaccurate ensg@le of the experimental
results and/or an unsatisfactory global optical ehquarameter set used in the
calculation. The difficulties of finding the besirameter set are well known from
the nuclear physics literature. The many theoretiod experimental efforts have
not yielded a global optical potential which readtisfactorily describes the alpha -
nucleus interaction (Hodgson [9]). Good energy-depet potentials have been
obtained only for some particular nuclei (Avrigeatual. [10], Delbaret al.[104])
but unfortunately not fof*K. Taking into account these problems, the agreemen
between the measured and calculated excitatioidumnis acceptable.

4.5 Yields

Integral yields have been calculated from the cairfited to the cross
sections measured by us. They are presented asctofu of incident particle
energy in Figure 4.7 for tHBNeCHe,x/**Na, "Ne(a,x)?**Na processes and in
Figure 4.8 for thé°Ar(a,p)*K reaction.

1E+05 2.7*1E+03

1E+04 F 2.7*1E+02

1E+03 F 2.7*1E+01

1E+02 F 2.7*1E+00

"Ne(@,x)*N

“a‘Ne(u,x)zzNa/
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Incident particle energy (MeV)

"iNeCHe x’Na
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1E+00 I 2.7*1E-02

Integral yield (kBg/pAh)
Integral yield (uCi/pAh)

1E-01 [ 2.7*1E-03

1E-02 [ 2.7*1E-04

Figure 4.7. Calculated integral vyields for thé®NeCHexf**Na and
"Ne(a,x)***Na processes (from Paper 3 [86]).
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The vyields of bottf’Na and®*Na are higher foPHe-particles than fon-
particles in the investigated energy range. Indase ofHe-particles?Na and
*’Na are produced simultaneously in significant seldver the whole
investigated energy range fie-particles. Witha-particles®Na and*Na are
formed simultaneously above 12 MeV; at lower eresginly**Na is produced.
The"™Ne(a,x)*Na process might yield significant amount®ia above 23 MeV
energy.

The amount of thé'Na “contamination” in thé’°Na product can easily be
reduced by waiting for an appropriate cooling tiafeer EOB. This does not
decrease the amount BNa by any significant extent. For producing highiyu
**Na from natural neon, an alpha particle beam af than 15 MeV is required.
Obviously, use of isotopically enriched target gassould enhance the
production yields and the purities.
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Figure 4.8. Measured and calculated thick target yield$*f produced by the
“Ar(a,p)?K reaction. Our data were taken from Papers 1-2 §88 and from
Refs. [61, 70, 72].

For the*Ar(a,p)**K reaction, thick target yields measured by us atters
are also shown in Figure 4.8. The integral yieldewated from the excitation
function measured by us are in acceptable agream#nthe experimental data of
Clark et al.[70]. Those measurements were carried out usingoleam intensities
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and short irradiation times. Their 70 - 80 % recypvefficiency was taken into
account by us in calculating the total activitygwoed. Our calculated yields in the
low energy region are lower than that obtainedhgyrt This is presumably due to
their quoted large energy uncertainties in thatrg@neegion. There are large
deviations between our calculated integral yielus$ the high current experimental
thick target yields obtained by Guillaureeal.[61], Solinet al.[72] and ourselves.
The production yields at high beam currents obsetwe us clearly indicate a
significant reduction of density of target nucletie irradiated volume of the target
gas under production circumstances.
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5. Production of no-carrier added?*Na and **k

This chapter describes the methods developed Wgrusroduction of no-
carrier added®Na (Papers 5-6 [7, 8]) anK (Papers 2 and 6 [89, 8])
radioisotopes at the MGC-20E cyclotron at ATOMKI.

5.1 Routes suitable for the production®@fla at the MGC-20E cyclotron

*Na can be produced via different nuclear reacti@eection of the best
route needs relevant yield data. A comparison dfutated integral yields of
*/Na via various low energy (Bieciie < 40 MeV) charged particle induced routes
is given in Fig. 7 in Paper 3 [86].

The **Na(d,py'Na reaction has the highest yield at each enerdythmi
product is not carrier free. It is comparable te tfNa(ny)*’Na process. The
*Mg(d,a) reaction gives also high yields even below 5 MbM it needs
isotopically enriched expensive target. TH&lg(d,x)*"Na, "“Mg(p,x)**Na and
"iMg(a,x)**Na processes lead to significafita yields of no carrier addétNa
at Eyjeciie = 10 MeV, 20 MeV and 30 MeV, respectively. TA&I(d,x)*Na
process has also a high yield above 15 MeV. THE(*He,xy*Na and
2’Al(p,3pnY'Na processes have less significance regarding tbduption of
*Na. In the case of*Ne(CHe,xF'Na process, thé’Na yield increases only
slightly above 10 MeV energy. TH&Ne(@,x)**Na process might yield significant
amount of“Na above 23 MeV energy.

At the MGC-20E cyclotron at ATOMKI, the maximum deable energy of
external beam of protons, deuterotée- anda-particles is 18 MeV, 10 MeV, 28
MeV and 20 MeV, respectively. Th&Mg(d,x), "™NelHe,x), *’Al(*He,x)
processes can be considered for production of miecadded“Na at relatively
low cost at these energies.

A high intensity fast neutron irradiation facilibased on the 18 MeV p(Be)
source is also available at the MGC-20E cyclotrdhe well known neutron
induced®’Al(n,a)**Na reaction is also a considerable choice takibg account
the spectrum, the angular distribution and the degree neutron yield (1.9¥1%0
n*sr'uC™) of the®Be(p,n) reaction at 18 Me\V1p5, 106]
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5.2 Production of“Na isotope via th&’Al(n,a)*’Na reaction

The 18 MeV p(Be) fast neutron source and the iatdmh facility were
designed and developed by us and they have beeribéekin details in Paper 10
(Ref. [5]) and Refs. [3, 4, 6]. The neutron sourees operated at the end of the zero
degree horizontal channel of the beam-line syst€he target assembly was
attached to the beam pipe and to the ports ofaimete controlled booster vacuum
system by hinged clamps. Quick connectors were tisecbnnect the cooling
circuits and the controlling electronics in ordemntinimize the radiation dose to the
staff persons.

A 3 mm thick beryllium disk (dia 35 mm) was usedi@aget. The bombarded
surface was cooled by a flow of 23 I/min of roommperature helium gas atp = 1.5
bar. The target assembly was separated from theurady a 1lum thick foil
made of Duratherm alloy (41.5 % Co, 25.5 % Ni, 1Z%8.7 % Fe, 4 % Mo, 3.9
% W, 2%Ti<1% Mn, 0.7 % Al, <0.03 % C; sugpliby Vacuumschmelze
GmbH, Hanau, Germany). The energy absorbed indieurid in the helium gas
was 170 keV at 18 MeV incident proton energy. A18@ long tube (internal dia 25
mm) made of aluminium embedded into a perspex atsuhousing was used as
secondary electron suppresser electrode in frothteofarget at an electric potential
of - 300 V to the ground. The back side of the ltiem target was cooled by a 1
mm thick layer of water circulated by a pump ireparate closed flow circuit. The
target holder was made of stainless steel and st3venm thick behind the water
layer. The diameter of the target spot was appratéiy circular and its diameter
was approximately 25 mm as the spot on the winadvirfdicated.

The cylindrical sample holder was 25 mm in dia @&ngas made of perspex.
The thickness of its wall was 1 mm. In the firspesiment 30 g while in the second
one 105 g samples of high purity Al-powder (meartigda diameter 5Qum) were
irradiated. Thé*Na was chemically separated by a method develop&d Kovacs
[7] irradiation the powder was stirred in 800 miling distilled water for 1 h. After
filtration, the solution was concentrated by vacudistillation. The average
separation yield of'Na in water was 80 %. In further experiments, Alvder was
changed for 76 g of high purity of A); powder (mean particle diameter [3) to
eliminate any precipitate production and to mak®eticonsuming filtration
unnecessary and increasing the average separaldrio/90 %. The idea of using
Al,O; powder as target material and the way of separaie simply washing the
*Na out from the AIO; powder using distilled water was suggested by Red#
(see Paper 6 [8]).
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5.3 Production of°K isotope via thé°Ar(a,p)*K reaction

For the routine production ofK, at ATOMKI, some parts and design
principles of a high-pressure deuterium gas tanged by Schraube for neutron
production via the D(d,n) reaction [107] were addptand employed in the
construction of our target chamber. A gas flowwirshown in Figure 5.1 which is
similar to the one used by Clagkal.[70] , was also built.

|nsu|at0r window gas cooling unit beam stop

pressure gauge

/
OOOOO(SOOOOOOOOOOO
beam \

OCO0000OOO00OOOO0O

gasin
water cooled

collimators gas out ‘A

L

cylindrical target chamber
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_—

filter

/® — >

membrane pump

o8

liquid nitrogen Ar

Figure 5.1.Flow target system for production 8K (from Paper 2 [89]).

The target chamber was a nickel plated brass @&jir&2 cm in length and 9
cm in dia, equipped with a 27 cm long and 5.2 canidiernal cooling unit (made
from 8 mm dia copper tube), a water cooled beamstdp mm dia precollimator, a
12 mm dia entrance collimator and a fIrh thick Duratherm, entrance window.
The target chamber was mounted on the same halzbeam-line mentioned
above in the case 6Na production.

The target was connected, via a valve at the outleain easily-removable
filter holder. The outlet was located at the franie of the target where, in
accordance to the excitation function, the majaction of the activity was
produced. The filter holder was only approximat&y cm from the target and
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contained a glass fibre filter, wetted with a 0.002HCI solution. The filter holder
was connected to the inlet of a membrane pump. dthiket of this pump was
connected to a flowmeter. The circuit also conthiag@ressure gauge connected to
the valve at the inlet of the target chamber. Adteacuating the target chamber and
the gas handling system to 0.01 bar, they couldilleel with argon gas at the
desired pressure.

This system provided the possibility to use thgdaboth in a static or batch
mode and in a recirculating gas flow mode and thaspossibility to compare the
two production methods. For the recirculating dasvfmode, the circuit design
described above, the large diameter of the tubetgiden the target and the filter
holder and the specific filter used ensured a ¥asy collection of the produced
activity dispersed in the argon gas exiting thgetichamber.

An initial filling gas pressure p = 1.2 bar was séo for both methods. The
observed flow rate of the pump was 47 |/min atghessure during the irradiation

(p = 1.3 bar, 1tA)

In the flow mode, this pressure resulted in a $iggnit fraction of the
bombarding beam hitting the wall of the internablomy spiral at high beam
currents, as our optical investigations had shdamn(ore details see Paper 2 [89]),
but it ensured a high circulation speed and aniefft recovery.

The target was irradiated with the available maxmenergyo-particle beam
(20.4 MeV) at currents up to 10A for several hours when either the static or the
flow mode was employed. After irradiation the mafraction of the argon was
transferred to a small gas balloon via cryopumping.

In the static or batch mode, the inner wall ofchamber was then rinsed three
times with 100 ml of distilled water. The total ozery efficiency was about 90 %.
after three consecutive rinses. In the flow mode, filter was washed out four
times with 5 ml of a 0.002 M HCI solution withowudding carrier. This resulted in a
recovery efficiency of more than 95 %.

The recovered activity also contain®d (T, = 12.4 h), when a 20.4 MeV
bombarding energy was used. This contaminationddoelpractically eliminated if
the beam energy was kept below 17 MeV.

The irradiations in the flow mode at high flow mtesulted a somewhat lower
activity than those in the static mode. Howevee tecovery procedure was
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substantially more simple and quicker and highecsie activities were achieved.
The total efficiency of recovery was measured reguia for the flow mode and
was found to be 65-70 %. In most experiments, goifgtant change in the total
efficiencies was observed if the chamber wall weared between two production
runs. In a few cases, abnormally small yields wasgined probably due to an
unfavourable distribution of the beam intensityother cases, yields obtained were
in full agreement with the values calculated with model developed by Heseslius
et al.[82] for the density reduction.

A homogenous beam intensity distribution was assuar@ the excitation
function measured by us was used for these calootatBeam penetrations and
shapes were also input information for the estiomsti They were observed
optically using a stacked windowed gas cell syséran initial pressure of p = 3
bar and at E= 20 MeV bombarding energy at beam currents pA13 pA and 5
HA, respectively (for additional details see PapfB9).

It is important to emphasise that the flow targgstem and the recovery
method developed by us for the productior{®f from argon gas is suitable also
for producing®Na and®*Na in no-carrier added form using beams’téé- or a-
particles and natural neon gas as target met@faliously, some optimisation of
the production target would be necessary.

The methods developed by us and described in Gh&penabled us to
produce significant amouritNa and*K in no-carrier added form by simple and
efficient ways routinely . Additionally, the radian risk of the recovery of the
produced radioisotopes, the chemical processingtlamdliquotization could be
kept at a relatively low level.
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6. Study of the intensity of sap-flow of oak trees

6.1 Motivations of our water transport studies

The three most important forest comprising oak iggein Hungary are robur
(or pedunculate) oafQuercus robur,) sessile oakQuercus petraeagind Austrian
(or Turkey) oakQuercus cerris)The dieback oQuercus robuihas been known in
Hungary since 1877. An increasing decay(Qafercus petraedorests has been
observed in many regions of the country since 18v&8993 and 1994 indications
of decline ofQuercus cerrihiave also been reported.

Many abiotic and biotic primary and secondary fegstavhich could be
responsible for the decline, forest decay and dielmd oak species in Hungary,
were discussed in a conference [108] held in Ngg#¥angary) in June of 1994,
Until the mid-eighties air pollution and acidic pigitation were suspected to be the
most important primary abiotic factors. Recentlyneltic changes induced by the
global atmospheric warming-up are considered agthgt important ones.

Approximately a decade ago a relationship had Heend between air
pollution and water stress of trees [109]. Watersst can also be a consequence of
unusually long dry periods and many other factDespite of efforts, many details
of the mechanisms of the development of water stresyained unknown in the
case of the three oak species. Moreover, it isfullyt understood, why different
oak species and their healthy and unhealthy indalirespond so differently to the
same environmental changes in the same area séthe forest.

The aim of our studies was to obtain informatiortte water distribution and
measure the intensity of sap-flow in the trunkbedilthy and unhealthy oak trees of
the three above species by conducting concurreldtéxperiments.

6.2 A radioactive tracer technique for measuring thieeisity of sap-flow in
trees

No-carrier adde@Na and*K produced by the methods described above have
been used for study the intensity of sap-flow i ttunks of healthy and unhealthy
oak trees. The experimental technique used andwat®as have been published
in Papers 5 and 9 (Refs. [7 and 110]).
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A radioactive tracer technique described in Pap@Re. [7]) was developed
using first*Na (Ty,= 14.96 h) and latéfK (T, = 22.3 h) radioisotopes. The half
lives of these isotopes and the needed activinb(@P®Bq) make possible repeated
experiments on the same tree within 5-10 days.rat&tion hazard could be kept
at a very low level even if the whole activity neddvould pollute the soil of the
test field around the investigated tree. No oneus®sl before these radioisotopes
for tracing the sap-flow of mature trees, as favaknow.

Typically 3-5 ml distilled water containing ~ 20B¢ activity of *Na" or “*K*
was injected into the xylem of healthy and unhgattees. A new method was
developed to ensure an air bubble free injectioorder to avoid the blocking and
failure of the tracheas by an accidental air emabol second inlet port was
fabricated and fit to an ordinary angiographic meedhat was used for filling the
needle up with water expeling the air before knogkhe needle into the trunk of
the tree. The end of the needle was perforatedinjéetor developed by us was a
special syringe like a hydraulic cylinder and itsifeee from any backflow. It was
connected to the original inlet port of the neddl@ject the active solution into the
xylem.

The gamma irradiation of'Na and** moving in the tree were detected by a
four channel system containing scintillation couwstditted onto the trunk at
different heights. Data were recorded by a minicoi®p The measured counts
were corrected for background and decay.

6.3 Other experimental techniques used for plant-wegtation studies

The intensity of water transport of healthy andeaithy trees of different tree
species was studied at different forest areasllabmration with other groups (see
the lists of authors of Refs. [7, 110, 111, 113hp-flow was measured using our
radioactive tracer technigue and two thermometrihotts (theheatpulsevelocity
(HPV) techniqgue and the Granier-method [1] (GRN)proved by us).
Simultaneously water potential, leaf conductancengpiration andultrasound
acoustic emission (UAE) were also measured in complex fiekpegiments.
Attempts were made to assess the distribution i trunks of different healthy
and unhealthy oak trees using X-ray tomographyraagnetic resonance imaging
(MRI).
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6.4 Results of plant-water relation studies

The results of the plant-water relation studiesshaaen published in details in
Papers 5, 7, 8 and 9 (Refs. [7, 111, 112, 110])iarief. [113]. A summary of
them is given below.

Forced by the gradient of water potential, sap aioittg the injected
radioactive ions moved through interconnected cimaii xylem consisting of the
porous parenchima and bundles of tracheas of éiffetiameters having different
hydraulic conductances. The water potential gradiers supposed to be a smooth
continuous function of time at any point in the etyl. The response for an
instantaneous injection of radioactivity into thdexn was expected to be a slow
and smooth change of the counting rate lastingdars at any point of detection.

Intensity of sap-flow as a function of time in thexylem of a healthy Quercus cerris tree
measured by different techniques at Sikfokat, Hungey
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Figure 6.1. Comparison of the radiotracer technique usitg with the Heat
Pulse Velocity (HPV) method and the Granier-method (GRM) @& healthy
Quercus cerrigree.
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Such a behaviour was observed, however, only incése of healthy trees
(Paper 5 [7]) which were well watered before thgation. In other cases, the
response as a function of time was not smoothl éset for example Figure 6.1).
The sap-flow was very changeable although the uduahal trend could be
observed in the most cases. Temporary or even |keésecreasing of the sap-flow
was detected frequently. This behaviour was founthé case of both unhealthy
and healthy trees of all investigated species. lewehe intensity of sap-flow was
very low and no pulse like behaviour was observethé case of dying trees. The
same were observed by the two thermometry methaigioned above (Paper 9
[110]).

Concurrent thermometry measurements were alsoatatiéferent positions in
the trunk on the same level above the ground. Shewed that the intensity of sap-
flow was not homogeneous in the xylem of both Ingadind unhealthy trees of all
species investigated (Paper 8 [112] and Paper(®)[11

6.5 A qualitative model for the set up of water stri@ssak trees

A qualitative phenomenological model has been dgesl by us to explain the
above observations. In our hypothesis more condaftsxylem have high
conductance in healthy trees than in unhealthygtit@enductance of the vessels of
healthy trees can dynamically changes in some randehis change is reversible
in the most cases. Most of the vessels in dyirgsthave very low conductance and
it has been altered irreversibly. The reason ofctinge of conductance can be
understood on the basis of the mechanism desdoided.

The intense evaporation on the surface of leavekl égoduce such an intense
suction that could result in a spontaneously coedtscontinuity in the vessels of
the xylem. This is called as spontaneous or traaspn induced embolism or
cavitation and it can be detected by ultrasounéatiets [112, 113]. Later the
cavitated trachea can be filled up with water adaih only in the presence of
unbound water available around the cavity The hydraresistance of the
recovered vessel obviously decreases and thus @eased sap-flow can be
observed as long as the amount of the availablenaatd the suction are balanced.

The source of water might be the phloem [114], tylem itself or the
hardwood. The distribution of water in the xylendan the heartwood has been
investigated in healthy and unhealthy treeQuércus cerrisandQuercus petraea
by Béreset al. by MRI [115] and computer tomography by Rastal. [113]. MRI
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studies suggest that xylem and heartwood are iempogools of free and weakly
bound water. The molecular biological details @& thggering and the mechanism
of water movement towards the cavity are unknowpregent.

If no free water is available in the vicinity ofetlvessel then no pulses are
generated and the vessel could be blocked off ¢4, by tylose formation
permanently within some hours. This may be theasdn in unhealthy oak trees
affected by water stress in accordance with thembsons in Ref. [116]. If the
water potential gradient and/or the resistance d&etwthe cavity and the
neighbourhood is low, no pulses would be gener&sabably that is the reason for
the observed small number of pulses in the cadeealthy Quercus cerridrees.
Pulses are more frequent @uercus petraedrees probably because the water
content of the xylem is generally lower than in dase ofQuercus cerridrees as
tomograms suggest (see Paper 7 (Ref. [111]) ansl Rdf3, 115]). As the number
of failured vessels is increasing so the longitatinydraulic resistance of the
pathways is also increasing and therefore the dangudinal gradient of water
potential can induce only a lower sap-flow veloeityd a lower sap-volume.

The above model gives a possible explanation whyndtic upset of water
stress was observed in some casé3uarcus petrae&rees and why it caused even
the sudden death of the tree in some cases.

The balance between the water uptake, storage ated loss is determined by
many abiotic and biotic factors: the amount of Edé water and nutrients in the
soil, the status of mycorrhiza-root system resgmesior the water uptake, the
status of the transport system of the tree, themstbrage capacity, the status of
stomas on the leaves and their regulation respensb the loss of water, etc..
Water stress could set up if any of them is affiktie some environmental change
(e.g. increase of pH in the soil, gradation of pies damaging any part of the
system, climate changes, increased background atfesed UV light damaging
leaves and stomas, etc.).

As a conclusion the above model emphasises thertamue of sap-flow
measurements in the identification of water stea®s at an early stadium.
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7. Summary

*Na (Ty,= 2.60 y),*Na (Ty,= 14.96 h) and*K (T,,= 22.3 h) isotopes are
frequently used as tracers in various types ofistuéNa and®*Na are widely
used for calibration of nuclear measurement devitas potential applications
induced an investigation to find possible routepmiduction of no-carrier added
’Na,*"Na and" at medium sized multiparticle accelerators €0 MeV) and
especially at the MGC-20E cyclotron of ATOMKI.

These studies resulted new excitation functiongHef*NeHe,xy*Na and
the "™Ne(a,x)***Na processes and for th&@eCHe,pf*Na reaction from their
respective thresholds up to 36 MeV in the cast#etparticles and up to 27 MeV
for a-particles. New cross sections were obtained feffie(da)™®F reaction in
the energy range 2.8 Me¥E, < 4.3 MeV and for th&Ne(d,x)'°F process in the
energy range 2.8 Me¥ E; < 8.5 MeV. New cross sections were measured for
the “°Ar(a,p)*3K nuclear reaction in the energy range 8.9 Me¥, < 21.4 MeV.
The activation technique and stacked gas cell targeere used in these
investigations.

The data obtained are new information for nuclesta évaluators and they
can be used for checking, validation and/or for rmmpment of predictive
capabilities of nuclear reaction model codes, fbhey can be important for
nuclear astrophysics dealing with the explosivellastenucleosynthesis in
supernova explosion. They are useful informatiorr foptimisation of
radionuclide production at low energy multipartiatgclotrons for practical
applications.

Integral yields have been calculated from the cairfiged to the cross
sections measured f&iNa and®Na production via th&#NeCHe,xf**Na and the
"Ne(a,x)***Na processes and for the production*# via the “°Ar(a,p)*K
nuclear reaction. The excitation function of tA¥r(a,p)*K reaction was
calculated using the nuclear reaction model codeAPRE. The Hauser-
Feschbach formula for the equilibrium and the excitmodel for the pre-
equilibrium contribution were used. Neutron, protmmd a-emission was taken
into account and the transmission coefficientsHierparticles were calculated by
the optical model code SCAT-2. The agreement beatvike calculated and the
measured excitation functions was acceptable. Ttidhet yields of*K were
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calculated from the experimental data and they wempared with results
published in the literature.

It has been concluded that tR#g(d,x), "NeHe,x), >’Al(®*He,x) processes
can be considered for production of no-carrier ddfida at the particle energies
available at the MGC-20E cyclotron of ATOMKI (Deben, Hungary). The
amount of Na contamination can be reduced by appropriatectete of
bombarding energy.

Significant amount of no-carrier add&ta was produced via tHféAl(n,a)
nuclear reaction using the 18 MeV p(Be) intensé masitron irradiation facility
developed by us. A target system working in st@tatch) mode or in recirculating
gas flow mode has been developed to produce niecardded™K via the
“Ar(a,p)*K nuclear reaction. The static mode and the citedlanode were
compared and the observed high current yields walaieed.

A new radioactive tracer technique was developedtudy the intensity of
water transport of healthy and unhealthy sessilk @uercus petraea)and
Austrian (or Turkey) oakQuercus cerrisjrees. A device was constructed to inject
*Na or*K into the xylem of the trunk. It enabled the injen to be free of air
bubbles to avoid accidental embolism of conduite Tadioactive tracer technique
was combined with a thermometry method inventedAbyGranier for sap-flow
measurements.

Pulse like increases of sap velocity were obseimethany cases both in
healthy and unhealthQuercus petraeandQuercus cerridrees. This behaviour of
sap velocity has been interpreted as an indicatiothe dynamic (transpiration
induced) water stress of trees. It can be concltiidsap-flow measurements give
the possibility of an early detection of water stref oak trees.
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1. Elézmények

1987 -ben a Kossuth Lajos Tudomanyegyetem (KLTE)olGika
Tanszékének és az MTA Atommagkutaté Intézete (ATOMRebrecen)
Ciklotron Alkalmazési Osztadlyanak munkatarsai egyyao radioizotop
nyomjelzéses modszer kifejlesztésdizték ki célul, mely alkalmas fak
vizaramlasanak terepi korulmények kozott toftémanulmanyozéasara. A
vizarammal szallitédo egyériglpozitiv ionok valamely radioizotépjanak "no-
carrier added" formaban tori@rloallitasa latszott legcélsZdmek. A tervezett
vizsgélatok szinhelyén, a KLTE S@kiit Project kisérleti efderuletén
betartand6 hatosagilagéét sugarvédelmi szabalyok alapjan a rovid felezési
idejii *Na (Ty, = 14.96 h),*K (Ty, = 12.36 h) és a®™K (Ty, = 22.3 h)
radioizotopok johettek ebsorban szamitdsba. Ezeket az izotopokat sokféle
nyomjelzéses modszerben alkalmazak mar. Hosszg ided nyomjelzés esetén
a®Na (Ty, = 2.6 y) hasznalata a célsileb. A *Na és*/Na izotopokat gyakran
hasznaljak nuklearis m#serendezések hitelesitésére is. A potencidlis
alkalmazasi lehéségek arra késztettek bennlinket, hogy megvizsgapén
izotopok eballitasanak lehéségeit kdzepes energiaju,(E 40 MeV) gyorsitok,
kaléndsen pedig az ATOMKI MGC-20E ciklotronja netl

Korabban mar kifejlesztettiik az MGC-20E ciklotroratapozott 18 MeV
p(Be) nagyintenzitas gyorsneutron forrast ezétfAd(n,a)*Na reakcié Gtjan
tortérd termelés volt a legegysidaben és leggyorsabban kivitelezhet
Aluminium, ké$bb Al,O; port aktivaltunk fel gyorsneutronokkal és kémitoni
nyertik ki a *Na -ot. Az elvdlasztds kényelmetlenségei valamint a
toltdttrészecske nyalabok esetén megvalosithatgotdgrészecske fluxusok arra
sarkalltak benniinket, hogy az emlitett radioizotopw-carrier added" formaban
tortérd elallitdsara alkalmas egyéb reakciokat is megvizsgalj

Az irodalom attekintése soran kiderilt, hogy a pnotdeuteron®He- ésa-
részecskék altal neon izotopokon kivaltott magreakgerjesztési fliggvényeire
vonatkozé adatok még 20 MeV alatt is alig ismertelasonlé6 eredményre
jutottunk a*°Ar(a,p)*K esetében is noha ez az egyetlen olyan reakciélyakis
gyorsitok mellet is hasznalhat8K termelésre. A gerjesztési fiiggvényekere
vonatkozé elméleti szamolasokat sem taléltunk ékhitreakciéra, noha am )
reakciok mechnizmusét leir6 modellek validalasahorél tobb adatra volna
szikség.



Az asztrofizikai szamitasok szerint a nagy totpegziliciumot is égeét
magéanyos csillagok neonban gazdag tartomanyailbémarséklet elérheti akar a
4*10° K -t is. Az ilyen csillagok szupernova robbanasaras keletked
l6késhullamban egyes szamitasok szerint T > 45KLG6mérséklet adodik. A
Q-értékek valamint a Coulomb-gatak magassaga alapja “Ne(p,nf°Na,
“Ne(dp)'®F, *NeHe,pf°Na és a&Ne(He,nf"Mg - ?Na reakciokra vonatkozo
adatok esetleg a nukleéris asztrofizikai adatb&zésoszupernova modell kédok
szaméra is hasznosak lehetnek.

Megallapithatd, hogy a proton, deuterSHe- ésa-részecskék altal neon
izotopokon kivaltott magreakciok valamint “@r(a,p)*K reakcié gerjesztési
fuggvényére vonatkoz6 adatok mind a magfizika, nandsztrofizika tovdbba az
alacsony energiaju gyorsitokkal toréérradioizotop termelés optimalizalasa
szempontjabadl értékesek lehetnek.

2. Gerjesztési fuggvények mérése soran kapott (;
tudomanyos eredmények

A fentiek ismeretében megmértilk néhany reakcidegetgsi fuggvenyét
aktivaciés modszerrel. A kisérletek soran gazogyekat hasznéltunk. A
besugarzasok, a gamma spektrumok mérése és kiédék az MTA ATOMKI
valamint az Institut fir Nuklearchemie, Forschumggrum Julich GmbH (Julich,
Németorszag) kisérleti bazisdnak felhasznalaséeatzatkozi egyuttiikodés
keretében torténtek.

Meghatarozé szerepem volt az aldbbi 0j tudomangedneenyek elérésében:

1. A "Ne(d,xj* folyamat esetében 7 (j hataskeresztmetszet adéadats
MeV < E; < 8.5 MeV energia tartomanyban, melyek kézul 2 pgezrtan a
*Ne(do)*®F reakcidra vonatkozik a 2.8 Me¥/E, < 4.3 MeV tartomanyban.

2. Elgsként mértiik d*NelHe,xf°Na folyamat hataskeresztmetszetét és 35 U
pontot kaptunk a 1.5 Me¥ Eg,. < 33.3 MeV tartomanyban.

3. Elssként mértik 8*NefHe, xf'Na folyamat hataskeresztmetszetét, melynek
soran 23 Uj pont adddott a 1.5 MeVE;, < 33.3 MeV tartomanyban, és
ezek mindegyike tisztan’®NeHe,pf“Na reakciéra vonatkozik.



Elssként mértik 8*Ne(a,x)°Na folyamat hataskeresztmetszetét és igy 6 U
pontot kaptunk a 12.0 Me¥ E, < 22.5 MeV tartomanyban.

Elssként mértiik a*Ne(a,x’'Na folyamat hataskeresztmetszetét és ennek
soran 7 Uj hataskeresztmetszetet kaptunk a 2.6 M, < 22.5 MeV
tartomanyban.

Az “Ar(a,p)*K reakcié esetén az élgészletesnek tekinthietmérést mi
végeztik és annak soran 16 energian hataroztularhegaskeresztmetszetet
a 89 MeVs< E, £ 21.4 MeV tartomanyban. Méréseinkkel egyitt igy
0sszesen 20 pont all rendelkezésre a gerjesztggpidiyre vonatkozéan.

"No-carrier added" %*Na és*K termelése és a
kapcsolodo technikai fejlesztések

Az MGC-20E ciklotron egyenes nyalabcsatornajaiépikettiink egy

nagyaramd besugarzasok kivitelezésére alkalmas ndezést. A

nyalabvéghez kifejlesztettiink egy berillium céli@g nagyintenzitasu
neutronforrast. A berillium céltargyat 18 MeV enéig protonokkal

bombézva gyorsneutronokat allitottunlé.eA neutronforrassal aluminium
illetve AlLO; port besugarozva®Na radioizotopot termeltink az
ZTAl(n,a)*"Na reakci6 révén. Az é&llitott *’Na -et desztillalt vizes moséassal
nyertik ki majd az oldatot bepéroltuk.

Az “Ar(a,p)*K reakciéval valo*™K termelés céljabol megépitettiink a
nyalabvéghez egy gézcéltargyat és hozza egy gazkortéltargyban
keletketkezett®®K nagy részét a kiaramld argon gazzal mostuk kiaés
céeltargy kozelében elhelyezett enyhén megnedvediteigszalas $zén
fogtuk fel majd arrol desztillalt vizzel lemostukzt kéveten az aktivitast
tartalmazo oldatot beparoltuk.



4. Tolgyfak nedvaramlasanak vizsgalat£*Na és*K
radioizotopos nyomjelzéssel és termometrias modszel

Elsssorban a KLTE Okolégia Tanszéke munkatarsaival ggyikodve

kocsanytalanQuercus petragaés cser Quercus cerriy tolgyek egészséges és
beteg fainak nedvaramlasat kovettlklhdn radioaktiv nyomjelzéses technikaval
valamint a Granier-féle termometrias modszerrel.

Legfontosabb, kdzdsen elért eredményeinket az iiétdn adjuk meg.

1.

A termelt "no-carrier added®Na és*K radioizotopok desztillalt vizes
oldatat egészséges és beteg tolgyfak xylem -jélégvemeti vizaramlas
nyomjelzésére haszndaltuk terepi korlilmények kozdtyen jelledi
vizsgalatokhoz*’Na és*K izotopokat eléként mi hasznaltunk. A rovid
felezési idk miatt ugyanazokon fakon 10-14 nap mulva megistnétik a
vizsgalatok és a sugéarveszély is viszonylag kiogranyiben 20 - 50 MBq
nagysagrenilaktivitdst hasznalunk kisérletenként.

Az aktivitdas fakba valé bejuttatasdhoz egy olygninjekalasi modszert
fejlesztettiink ki, mely biztositotta, hogy lewbgborékok ne jussanak be a
xylem -be az injektalas soran. EzAltal elkeriihailt a szallitd elemekben a
nedvaramlas mesterségesendiddzett megszakadasa. Az aktivitds
eloszlasanak valtozaséat kulonBomagassagokban a vizsgalt fa torzsére
ergsitett szintillacios detktorokkal kovettik.

A nedvaramlas mérése soran a radioaktiv nyongetzénddszert a Granier-
féle termometrias moddszerrel kombindltuk. llyen zébmsonlito
vizsgéalatokat elként mi végeztunk.

Gyakran figyeltink meg a szokdsos atlagos napinetne rakddo,
nemegyszer minddssze 5-10 percig detektalhaté mupakat a nedvaramlas
intenzitasadnak igfiggésében. Az impulzusok idején az atlagos aramlas
sebesség az eredetinek akar tdbbszdrésére is nedgutdit majd visszaallt
az eredeti szintre.

Az impulzusok egészség€riercus petraeaalamint betegQuercus cerris
fak esetén voltak gyakoribbak mig egészsé@esrcus cerrisés beteg
Quercus petraedak esetén ritkdbban voltak detektalhatok. Viza&len
ellatott fak esetén impulzusok csak igen ritkagdigettk meg.



A jelenség véleménylnk szerint a transpirdciozt&kainamikus vizstresszt
tikrozi. A fluktuaciok akkor keletkeznek, amikorfak vizfelvételének és
leadasanak atmeneti felborulasa miatt a tracheakbéletlenszdren
kialakult legemboliak elegeddszabad viz jelenlétében relaxalodni képesek.
Ha koven all rendelkezésre szabad viz a szovetekbersasggeuercus
cerris), akkor az embolizacio valostisege kicsi. Ha kevés a nem kotott viz
(betegQuercus petraea akkor viszont a relaxacié valostigége kicsi. A
szabad viztartalom bizonyos tartomanyaban az emndwidi €és a relaxacio
valészirisége azonos nagysagréndilyenkor gyakoriak a tapasztalt
impulzusok. Az egyensulyi allapothoz tartoz6 kugkviztartalom minden
bizonnyal fajspecifikus, amint azt az egészségasrcus petraeaalamint
betegQuercus cerrigak hasonlé viselkedése mutatja. A relaxaciéraangh
oran belll képtelen trachedk nagy szama akar e&gietehet a fara nézve,
mivel azok végleges eltdidése egy-két napon belul bekdvetkezik.

Tudomasunk szerint éleént mutattunk r4 arra, hogy nagy gyakorisaggal
(néhany percenként) folyamatosan mérve az arasghsisség fluktuacioit a
vizstressz kialakuldsa mar a korai szakasztol ket
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