21st International Cosmic Ray
Conference

CONFERENCE PAPERS

Volume 5
(SH Sessions)

Edited by R.J. Protheroe

XXI ICRC

U
v

Adelaide,
Australia

1990

Department of Physics and Mathematical Physics
The University of Adelaide, Australia



51 5. 1-4
EVOLUTION OF KEFFECTIVE CHARGE OF ACCELERATED 10NS
J. Pérez-Peraza and M. Alvarez Madrigal

Instituto de Geofisica, UNAM, 04510-C.U., México D.F. 6 MEXICO

Abstract Sami-empirical relations for effective charge q %v) of encrpetic ions, derived from
Stopping Power data cannot be extrapolated to scemarios &E'em ions uderpgo an acceleration
process while interacting with finite temperature matter, because the nature of acceleration
rate$ is completely different frum Stopping Power rates. We derive here a theoretical expression
for q efduring acceleration with explicit temperature dependence.

Introduction Charge states of energetic ions and their evolution during the passage of ions
tirough matter is a very important factor for the study of particle interaction with matter and
E.M. fields. At laboratory scale the study of Stopping power of ions in different materials
is strongly dependent on the accurate knowledge of equilibrium charge states. In Cosmic Ray
Physics it is also very important to determine Stopping Powers in different contexts: evaluation
of radiation fluxes from the interaction of particles with matter and magnetic fields, preduction
of secondary nuclei by spallation, modulation of low energy ions in the frontier of the helios-
phere and magnetasphere, and whenever magnetic fields are present because the ions magnetic
rigidity depends on the charge carried on by ions. It is of particular importance the behavior
of charge states during the generation of energetic ions in their sources in connection with
the energy and charge spectra: the relative chemical abundance of the accelerated ions are highly
deperdent on the charge states during their acceleration and escape from the source, and so
it is the emitted radiation when the accelerated fons capture electrons of the medium
(Pérez—Peraza et al, 1989). The present knowledge of Effective Charge (or mean equilibrium charge
states) is associated with experimental results of Stopping Power of ions in solids and atamic
gaseous media, which can be adequately described within the frame of the classical Thoms—Fermi
atomic model: since at relatively low emergies (€ 50 MeV/n) the actual charge carried on the
ions is gererally a fraction of the nuclear charge, it is defined an effective charge q el 1z,
In order to campare different ionic species on the same basis, ﬂwecogelaticrdlipnfq
to the ion velocity is made in terms of fractional effective charges ['= and reduced veloci—
ties V;P/cvc'é'f\-hemﬁis the ion velocity in terms of the light velocity c, and ye= e’ /A,
In the process of fitting Sopping Power data,several semi-empirical relations of ion velocity
and charge have been developed in the form of parametrized swoth functions, vhich general form
is¥=1 -Sexp(<V) (e.g., Betz, 1972).¥ depends slightly on Z and is related to ionization
potentials; in solid and atomic gases $=llat v 2 v . C ranges from-0.7 for solids to~0.98
for atamic gases.tWin solids is a decreasing function of 2, and for gases ranges from~ 0.4+0.7,
vhenll= 2/3, V_ is related to the Thomas—Fermi velocity; in this case, for C=0.93 the previous
relation it is'written as q_ = Z[1 — exp(~127@/Z*'*)). Similar expressions are usually employed
with C=0.91 (Barkas, 1%3)(,%&3.95 (Pierce and Blamn, 1958).1%11 of them obtained from Stopping
Power data in heavy ion targets of very high density (n » 10" @i '). This kind of semi-emwpirical
relation. do not consider the temperature of the medium (T) and refer to experiments of ion
deceleration toward stopping in solids and atamic gases. For astrophysical applications of parti—
cle transport in jonized or atomic hydrogen, it is usually extrapolated that kdnd of expression
by introducing T as §= exp[-a(KT/M:"M4] where a = 127/2”* and M = m the electron mass in ioni-
zed medium and M =HA in atamic media, so that the expression is usedasd'= 1 —Eexp(—afb. Such
an expression shows that ions strip faster at low energy as T increases. (Pérez—Peraza et al, 1983).
When ions instead of being stopped, they are undergoing an acceleration process while interacting
with the local matter, as is the case in Cosmic Ray sources, these kind of expressions are not at
all valid. In fact, because the energy gain rate is off different nature to the Stopping Power
rate, the evolution of particle charge as a fumction of energy must be derived taking into account
the acceleration rate. Since there is mot data of particle charge evolution in finite temperature
matter during an acceleration process, we proceed here to derive an expression in terms of theore-
tical charge—changing cross sections extrapolated to finite temperature matter and a specific
acceleration rate, namely that of the Fermi process.
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Theory ‘The condition for purticles undergo a given kind of interaction with matter while traver—
sing through a mediun is fA= vt <L vt where t.  is the mean interaction time and £ is
the mean flight time mthcmglm of th1dcmsl..)\xsrelatedtnrjnmsecnm} o
where A is the atamic mass and M is the atamic mass unit, and L is related to the density
of the mediun L = £ vt -Soﬂncuﬁitim)\éLdemﬂssumglymﬁemtterdmsityardfor
the flight vime, Now, 1f together with the interaction process there is another process taking
place on ions, hence L must be related to such a process. In laboratory together with charge—
changing interactions it is generally the stopping power of the matter that is taldng place
on ions. &JtlfmslmdofdoceleratJmt}mmanaccelmumprmzss t becomes the time
for a ion to gain velocity fron v to v + Av. ItMstmbyFerez—Permetal(l%)
d’ratLlsreJated to a given acceleration mechanism of rate (dE/dt) =e¢ ET by L = 2(v>—27
= O/ (32PN H/D'T for v§ v and L= 20022 v ) o (320 XM/ for v v
hherev mlst}evelmtyu%mgomﬂnelmtrmcapfmemﬂﬂcelecumlcsscmssgec—
qa*sarecqmtﬂd(()‘ =fy) and I = = 4 corresponds to the nonrrelativistic Fermi acceleration
rate. The criteria for determination of values of the acceleration efficiency {(o¢) was discussed
by Pérez—¥eraza et al, (1988). Criteria for the establisvent of charpe-changing processes during
acceleration were delimited by PérezPeraza et al, (1985) to three cases, charge equilibrium
(IJ)LC L/1y) > 1, or pure electron capture (Lélc)lL/,l 1) or pure electron loss (L/A <1L/AR
> 1), To estimite how the ion charge is modified. mahnntedtlmla;ﬂe(aoceleraummne
from E to E + AE) and limited space (the cross section) let us argue on the following terms:
the accelerated ion vwhile moving in the source is seeing a flux nv,, of targets (free or bounded
electrons), where \rR:sthe relative velecity behmﬂnpmjacnfe ion and the tarpets. From
that flux, only a fraction (anG_)mybccapmredbytheim, and another fraction of tarpet
electrons (anG}‘)lsabletopLﬂ.‘I‘wtelecnuxsfrmdmelm So, the mean mumber of electrons
thatarecaptmfdorlostmanaccaleranmstcpare(anG't)and(mr 0]!: F) respectively,
where t —Ulest}Errmna:celemumtxmaforpaxudts gafrvatov+Av and F is
anurber‘(bet\emlade)dEnungﬂ?averagemumtofclectrcnst}ﬂLmnbepﬂledwtb)r
each target particle per interaction with the ion. Therefore, the mean equilibrium charpe carried
on by the ions depends on the number of capture and loss interactions that.the ion wndergoes
along its path. The mumber of collisions along the path L {for ions to gain emergy fram E to
E+AE)isgiven by X =L/A and X =LAy, uhere}, ]/n(:?‘ ard lng]fnﬁi_respe:umly
}Bteﬂleemlunmofcdurgeasaﬁncumofﬂ)elmerergylsq (F@_tx—
t X)), vhere E'= E + AE, that can be muerically evalinted byc%fonwmgexpzm
Suer® = E2) + 07y EVNFGE, WAy) - G F, WA )] )

dﬂuq(EZ)Jsmemualdm’gebeforemchaccdemmmsmp so that at the beginning
ofﬂnpmccssmnespaﬂsmﬂmlomlﬂamldnrgedaﬁ:edbydﬂ'mdmmeqmjlbnm
according to the source temperature (T). It can be seen in (1) that depending on whether the
mtios(UA.R)arﬂ(U,{ Yare > 1 or < 1, it is determined whether it is established or not
araorbomd-narge—d'angmgmtemcnars.lc ﬂe::meracumPrumamwtahleledm
I:<t:a andrﬂ<ta \.hamt =(6-va)'handt1 (Q/?VR Mltmmtacm'@an
accel@ration process, like trnpreumslynmuauaderpcnnmts t_ is replaced by t

& . andLbytherzmgeRf{,Ef(dE/dx)forrmﬁdestohedecelﬂamdfmnE'toE. T—de—
pendence in (l)z.smtmd Um:@,h(l" and (6, as explained by PérezPeraz et al, (1985) by
means of the therml velocuy of the targets uuhm the relative velocity Vo

Results To calibrate equation {1} to the semi-~empirical relation, we assure T =0 (v = 0),

t mmplacedbyté ey and L by the range R. Emlmuusofb"amsimlnhgs
landZ forsevemlstoppedlmsmamdnmofn—m au  atoms of oxygen, which is the
typical target mediun stopping power data. The solid curve represents the semi~empirical relati-
on of Fe ions. In Fig. 1 the contribution of electron capture was neglected and it can be appre-
ciated that ions strip slightly faster than in Fig. 2 where both charge changing processes are
considered (charge equilibrium). Concemning cross-—sections there is a very camlex problem

at this regard: they are highly dependent on the ion velocity domain, mZanqut. of ion
projectiles, mtheZandZ foftiﬁtargetmdlun(lanzamdegreeofthemdmn and on .
the target velomuesv (T'f of the medium). Experimental data exist only for some projectile
ions, some atamic LargeEs.malnmted\felmtydmmnard forv 220. Theoretical cuoss-

C

383



Sl 5.1-8

sections for ionized medium are very.rare. For a global description of_cross-
sections through the entire velocity domain in targets of low average Z

{ ~ atomic media) and high average Z f ( ~ ionized media) a combination of

. different experimental and theoreticil cross-sections must be done (Pérez-
Peraza et al, 1985). However there is a high degree of uncertainty around
cross-sections since they are generally given as approximate expressions
g=1 a; E(v'z'ieff‘zt'zeff)' We have found that for calibration of (1) at

T = 0 (Figs. 1 and 2) and stabilization of (1) in finite-temperature atomic 1.8009
matter, the ‘q'e —dependence of ) must be deirgased by a factor Gi(lﬁlz)ﬁei.f
whereas in ionized matter the factor is G;-aeif for T £ 10% X and G:Q_qeff

for T » 105 K. In Fig. 3 it is shown the evolution of (1) for iron ions during
a Fermi acceleration process, ip a medium of hydrogen, {?r different T values:
T=105K, n=1012 cw* with Fé, T =5 x 105 K, n = 10** cm™* with F8 and

T = 10° K, n= lDw cm~? with F% . It can be seen that at low velocities the
higher the temperature the higher is the equilibrium charge state, because the
initial local charge state is higher‘,__}(t;,u% as ions gain energy the tendency reverses
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because the decrease of Uy with the increase of v_,. Also, it is shown in Fig.
3 the behavior of our predictions for charge evolition during stopping of iron

1 _
ions at n = 10 3 cm~" and T = 10 ' K together with the corresponding semi-em—

pirical relation (solid curve). Taking in account the uncertainties on the
cross-sections, our theoretical curve is close to the semi-empirical one, \
though the difference is higher than in the previous figures because the in-
troduction of temperature.

Conclusions We have derived on theoretical grounds an expres-
sion for the effective charge (or fractional effective charges

= Y ), that in spite of its dependence on the accuracy of the
employed cross-sections of charge-changing processes is of gene-
ral validity, in the sense that it can be applied during an ac-
celeration process as well as during stopping of ions while tra-
versing a medium, depending on whether L is the acceleration length
step or the stopping range, and whether the elemental time scale is

t = L/vR or t = /vR ( K= l-ci-;\g
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