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Average charge states of heavy atoms in dilute hydrogen
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We measured the average electronic chdigje of heavy ions with atomic numbeig=289 through 116
traversing dilute hydrogen gas with velocities ranging from 1 to 2.6 times the Bohr velocity. We observe a
strong linear dependence of the average charge on the velocity of the ions, and only a weak dependence on
their atomic numbeZ. A more detailed examination of the experimental results shows thafgthealues
reflect the influence of thefSelectron shell on the properties of these elements.
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[. INTRODUCTION matter. The observed charge-exchange mechanism differs de-
pending on whether the heavy ion is moving through a solid
Studies investigating the electronic charges of heavy ater through a dilute gas. In the first case, the mean time in-
oms moving in a gas medium immediately followed the dis-terval between two collisions is much shorter than in the
covery of nuclear fission, since the heavy atoms formed isecond one; therefore, excited electronic states in the heavy
nuclear fission are created with a high velocity and, consefons significantly influence the process of ionization. Since
quently, with a high degree of ionization. The first experi- electrons can be lost from the excited states of the ions with
mental work concerning this problem was reported by Perhigher probability, the mean charges of heavy atoms travers-
filov [1]; the first theoretical work was reported by BdRl  ing solids are significantly higher than in gaseous media. We
and Lamb[3]. use the term “mean charge” for the heavy ion’s nuclear

Perfilov [1] determined the electronic charge of fission charge minus the average number of electrons it has under
fragments by studying their deflection in a magnetic field.given conditions.

Fission fragments were obtained from the fission of uranium The interaction of two atoms involves two many_body
nuclei bombarded with neutrons. In the theoretical descripsystems, and the process of charge exchange can be compli-
tion of the average electronic charge of fission fragmentsgated further by the possibility of multiple electron transfer
Bohr[2] assumed that a heavy atom moving rapidly throughin single collisions. These processes are so complex that to-
a rarified gas retains all of its electrons that have orbitaljay there is no reliable theory for predicting the mean charge
velocities exceeding that of the ion relative to the mediumof heavy ions moving through a dilute gas; practically all the
From this, using the Thomas-Fermi model for the structureyvailable information on this subject has been obtained either
of the atom, he obtained the well-known dependence of thempirically or by using very rough models. In fact, the same
mean electronic chargéy) of a heavy atom with atomic holds true for the interaction of heavy ions with solid targets

numberZ on its velocityv: (see, e.g., Refg4,5]).
There is renewed interest in the process of charge ex-
(@)y=2"lv,. (1) change by heavy ions traversing matter, stimulated by the

development of new accelerators, heavy-ion sources, and
Herev, is the velocity (2.1 10° m/s) of the electron in  new electromagnetic separators for the study of nuclear re-
Bohr’s model of the hydrogen atom. actions induced by heavy iorfsee, e.g., Ref.6]). In prac-
Independent of Bohr's work, Lamb3] calculated the tice, production of the evaporation residuégVRS in
mean charge of fission fragments using energy consideheavy-ion induced reactions is the only way to synthesize
ations. He assumed that the fragment moving through a raand study heavy atoms with atomic numbers abBwel00.
efied gas with a velocity “will be stripped down until the We can take advantage of the fact that these products recoil
ionization potential of the next stage of ionization is greaterfrom thin targets with well-defined velocities. Therefore, the
than the kinetic energy of electrons bombarding the fragmenrdpplication of, e.g., a gas-filled separator in these investiga-
with a velocityv.” tions needs accurate predictions of the charge states of very
The electronic charge of an ion changes due to the exheavy ions attained through charge exchange. This, in turn,
change of electrons as it collides with atoms of the traversedequires experimental information on the charge states of
ions in gaseous media in order to develop reasonable models
and a systematic organization of this information.

*Corresponding author. TEL.. +7 09621 64246; FAX: In the course of performing experiments for our heavy-
+7 09621 65083; Email address: utyonkov@sungns.jinr.dubna.suelement research program, we performed extensive measure-
"Deceased. ments of the average charge statg$ for heavy ions with
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&X;I Hy(-1Tom)  BA™=3Tm and vertical position signaly) from the 4-cm-high resistive
, T?tkj 1 Wi layers of the detectors. The detection system of the separator
roportional H H H il 1
s, Rotating is described in more detail in Reffz].
\ / ﬂ% target  Beam After emerging from the target layer, the heavy atoms
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7/__ ‘;g;‘;‘: retain a relatively low number of electrons and thus have a
correspondingly large electronic charge. Furthermore, the
(~1.5 Tor) distribution of the ipnic charge. states_is_ quite .broad. Due to
Position- sensitive i Rotating ~ charge exchange in consecutive collisions with the gas at-
Si detector array EVRs  Suppressed beam entrance oms, the distribution of the electronic charges rapidly be-
Exy (Faraday cup) window comes narrower and the mean charge decreases to the equi-
librium value(q).
In sequential collisions with the atoms of the medium the
heavy atoms slow down and deviate from their primary di-

Z=89 through 116 and average velocities relative to the mel€Ction. They move between the poles of a dipole magnet
dium of a gas-filled separator of 1.0 to 2.6 times the Bohfilled by dilute gas with gradually decreasing velocity along

velocity vo. Many of the recoiling nuclei had never before some average trajectory chara_cterized by the mean curvature
been observed. radius of the separator. lons with mass numisemean elec-

tronic chargg q), and velocityv, will be deflected in a mag-
netic field of flux densityB following a trajectory with cur-
vature radiusp. The magnetic rigidity is related to the ionic

In the present work, the atoms under study were obtaineg@harge as follows:
as evaporation residues of compound nuclei produced in _
complete-fusion nuclear reactions between beams of acceler- (Bp)o=0.022A(v/vo)/{q)[ T m]. 2
ated_ heavy ions ?”d very heavy target atoms. The projectile The mass numbek was determined unequivocally in our
particles were delivered by the U400 cyclotron of the Flerov : S o "
experiments by establishing genetic links between position-

Laboratory of Nuclear Reactions in Dubna. The MeaAN hd time-correlated signals from the implantation and subse-

charges of the recoiling complete-fusion reaction products uenta decay or spontaneous fission of mother nuclei and
were determined using the Dubna gas-filled recoil separatq[ o deééays ofythe kr?own daughter nuclei. The velocity of the
[7], see Fig. 1. The EVRs recoiling from a thin rotating targetEVRS in the middle of the dipole magnet was caleulated

(0.2-0.6 mg/cnd, depending on the studied reaction sys- sing reaction kinematics and energy losses from range

tem) were separated in flight from beam particles, scattere(iijableS for projectile§s] and heavy nucleid]

nuclei and nuclear transfer-reaction products in the separa- )
e o : - The separated EVRs delivered to the separator’s focal
tor's dipole magnet, filled with hydrogen at a pressure OI(plane have a Gaussian-like distribution in the horizontal di-

about 1 Torr. The dipole is followed by two quadrupole . ; SRR .
lenses for focusing the EVRs on the focal plane of the Separ_ectmn. Their actual magnetic rigidity can differ from the

rator. The curvature radius of the separatopis1.8 m, and rigidity of the separator setting in a particular experiment.

the maximum maanetic rigidity of investigated atom®i Experimental horizontal distributions dPNo produced in
—3Tm 9 giaity 9 P the complete fusion reactict?®Pb(*éCa, ) at two magnetic

A rotating entrance window made of 15m Ti foils rigidities of the separator are shown in Fig. 2. The maxima of
9 . both distributions are shifted from the center of the detector
separates the gas-filled volume of the separator from th

vacuum of the accelerator beam line. The hydrogen gas egrray. In such cases the magnetic rigidity of the detected

ters the separator volume between the last quadrupole Ie%\{ci ?g n)bi;itlrr:ﬁtee;joﬁélvacr)]rre;?nrgestf;:aorrllgld|ty of the sepa-
and detection system and is pumped away at the target posi- Plo 9 g exp '
tion, providing additional cooling of the target. A permanent (Bp)ion=(Bp)o(1+x/100D) 3)

gas flow(about 10 crivmin of hydrogen through the system
prevents the build-up of gaseous impurities that can aﬁquhere BP)O is the value of magnetic r|g|d|ty of the separa-
the mean charge value of the heavy atoms. The separator was set for the given experimeri is the dispersion, i.e., the
normally operated under hydrogen gas at a pressure of aboghift of the maximum of the horizontal focal-plane distribu-
1 Torr. tion of EVRs per unit of Bp) value. In our experiment®

A 1.5-um Mylar exit window separates the detection was determined to be about 7.5 mm per one percent change
module from the gas medium of the separator. The separatef (Bp). The shiftx of the horizontal focal-plane distribution
EVRs passed through a time-of-flight measurement systerst jons relative to the middle of the detector array was cal-

consisting of two multiwire proportional chambers placed incylated by fitting the experimental distribution with a Gauss-
pentane at a pressure of about 1.5 Torr and were finally imign curve.

planted in the detector installed in the focal plane of the
separator. The focal-plane detector consisted of twelve sili-
con 40-mm-higkx 10-mm-wide strips with position sensitiv-
ity in the vertical direction. We obtained horizonta) posi- The average charge states of the EVRs with 89
tions by recording the strip number for the reaction productsthrough 116 were measured in the experiments aimed at the

T e e R

FIG. 1. Layout of the Dubna gas-filled recoil separdthe di-
pole magneD, followed by the quadrupole doubl&; andQ,).

II. EXPERIMENTAL TECHNIQUE

IlI. RESULTS AND DISCUSSION
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No corresponding to different magnetic rigiditiBp of the sepa- .
rator. Solid lines show the results of Gaussian-curve fitting of these Velocity "/"0
distributions. The shifts of both distribution maxima from the center
of the focal-plane detector are shown by arrows. FIG. 3. Systematics of the measured equilibrium charge states of

heavy atoms in dilute hydrogen and their dependence fan,
synthesis of isotopes of heavy and superheavy element#herev is the velocity of the ion and, is the Bohr velocity. The
[10,17 and in the reactions used for calibration of the detecdine shows a linear fit to the experimental data, see forr)larhe
tion system and the separator. Heavy EVRs were produced #Pper part of the systematics is given in the inset. Here the charges
the complete fusion reactions of projectilé§0, 22Ne, of No in hydrogen at the pressures of 0.5 and 1.5 Torr are shown by
26Mg, 343, 4%Ar, and “8Ca with targets fronf@YDb to 238y, ~ OPen circles.
24224y and?*&Cm.

Figure 3 shows the systematics of the measured equilibthe magnetic optical system of the separator.

rium charge states of heavy atoms traversing dilute hydrogen As can be seen from Fig. 3, in the first approximation, the
vs the parametes/vy, wherev is the velocity of the ions collected experimental data are fit well to a simple linear
(assumed from the calculated recoil velocity of the B\ARd  dependence
v Is the Bohr velocity. The uncertainties in the charge val-
ues are determined by uncertainties in measuring the projec-
tile energies(1%), target thicknesse&6%), hydrogen pres- (g)=3.260/v(—1.39. (4)
sure(4%y), curvature radius and magnetic flux dengity2%
of the Bp value, dispersion(15%), and in establishing the
maxima of position distributions of the detected EVRs. TheThis formula is in qualitative agreement with Bohr’s model
latter depends on statistics and dominates in the case of a fe&], which reflects the general dependence of charge state on
produced atoms. Energy losses of EVR’s in the target weran atom’s velocity and a weak dependence on its atomic
considered to correspond to half of the layer thickness. Thaumber, being proportional t@*® at constant velocity. In
uncertainty in the velocity of atoms at the exit of the targetour case, however, the influence of the atomic number is of
was determined by the uncertainties in the target thicknessinor importance because tierange studied corresponded
and in knowledge of the actual position of the center of disto only +4.4% of the mearz® value. The formula allows
tribution of nuclei produced inside the target layer. In theone to estimate the average charge states of heavy atoms in
case of poor statistics, the latter was set as 68% of the half dfydrogen at a pressure of about 1 Torr with a precision of
target thickness. In this case, the maximum of the positiorabout 4%(mean value for all 73 measurements presented in
distribution of the EVRs on the detectors was calculated usFig. 3), comparable to the accuracy of the measurements.
ing a constant width of the distributiofstandard deviation The new empirical formula can be compared with other
o=3 cm) that corresponded to the mean value observed iaystematics. Note that for the experiments aimed at the syn-
reactions with similar kinematics, and results of calculationghesis and study of very heavy nuclei with gas-filled separa-
using theaNAMARI code[12]. This code was developed for tors, the accuracy of the charge state estimate is extremely
the simulation of the EVR trajectories in the separator, theémportant and should not be worse than 10%. For instance,
corresponding spatial distributions, and the resulting collecin our experiments on the synthesis of superheavy nuclei
tion efficiencies. The code takes into account reaction kinef10,11] with a production rate of about one atom per month,
matics, energy losses and multiple scattering in the target aral charge uncertainty of 8% would reduce the collection effi-
separator media, equilibrium charge states of the EVRs andiency of atoms on the focal-plane detectors by only a factor
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TABLE |. Experimental parameters for irradiations producing Experimental values for Ndat v/vy=1.14) and Rf(at

heavy recoil products. vlvo=1.34) are lower than the calculated ones by 10 and
i i 18 %, respectively, while other charge measurements for at-
Nuclide Reaction v/bto. Gep o damb  oms of No through element 116 withfv,>1.6 exceed the
2542590 28y(22Ne,5-6n) 1.14 2.19-0.13 53 2.4  calculated values by 7-21%.
2520 0ppicam)  1.8F 4.48:023 8.8 3.9 Note that _in making _theoretical estimates we used calcu-
252\0 206ppd8Cca ) 255 6.90-0.18 11.9 5.8 lated ionization potentials or those qf chemu_:al analogs.
2610+ 29py@Nesn)  1.04 1.90:0.10 4.9 2.0 However, one can hardly expect considerable improvement

of these estimates, even when using more “correct” values.
A drawback of both theoretical models is that they do not
take into account the properties of the medium, although it is

25825QRf  239y(%\g,5-6n) 1.34 2.63-0.10 6.3 3.1
265265g  24Cm(>Ne,4-5n) 1.04 197931 49 1.7

2674 238 (343,5) 169 38033 80 3.2 . ;
27310 24,045, 166 39492 80 31 evident from the experiment that average charge states vary
288,28 " 4u ) ' o033 : ' for different gases and show dependence on the gas pressure
28914 2%py(*Ca,3-4n) 2.18 5.56-0.33 10.6 4.8 as well
292116 2 Ccm(*ca,s) 217 579030 106 5.4 ' ;
' : Y024 : : Most of the data were obtained at the hydrogen pressure

®Additional degrader was placed behind the target to reduce EvrSf 1 Torr. \_Nezglso carried out a fe\{)v exagriments at 0_'5 and
energy. 1.5 Torr with 2°2No produced in theé%Pb(*3Ca, ) reaction

(see the inset in Fig.)3Solid circles show data for No taken
of 2. The most recent empirical systematics for the samét 1 Tor, the results obtained at other pressures are shown by
medium but for lighter atoms, Sm to Fm, was given in Ref,0P€n circles. These data points deviate from the set measured
[13]: at_l_Torr;I howev_er, tr;]ey still lie within ixpggg)ental Iunc_er-
. 7 13 tainties. Increasing the gas pressure by o results in an
(4)=2.6x10""v27*-0.28 increase of the charge by about 2%, and reducing the pres-
or sure by a factor of 2 leads to about a 5% decrease of the
(q)=4.4x10 "vZ¥*-3.92, (5)  charge. This observation can be apparently explained by the
so-called “density effect.” Evidently, excited states in a
for the parametervZ'® less than or greater than 2 heavy ion can significantly influence the probabilities for
x 10" 7 m/s, respectively. electron capture and loss, since electrons are stripped more
Nevertheless, the experimental average charge values efsily from an excited level than from the ground state.
atoms of No and heavier, with velocityv,>1.5, are about Higher gas pressure means a shorter average time between
9% lower than predicted by the systematit8]. These es- consecutive ion collisions with atoms of matter. This results
timates are in even greater disagreement with our data & a higher collision probability of a still excited heavy ion
lower velocities, systematically exceeding the measured vawith the next gas atom and thus in its higher average charge
ues by 27% on average. state. The experimental and theoretical aspects of the density
Table | presents experimental values of the averageffect were reviewed by Betz in Re¢#].
charges stateg,, of the heavier atoméNo through element The measured average charge values show approximately
116) traversing dilute hydrogen with the indicated velocities.a linear dependence on the velocity of the i¢sse Fig. 3,
Reactions used to produce the atoms under consideration dfeagreement with Bohr’s formula. According to this model,
given in the second column. The last two columns give théhe average charge state of the atom depends weakly on its
charge values calculated in model approaches by Bolw  atomic number, being proportional # at constant veloc-
mula (1)] and Lamb, respectively. In the latter case we tookity. Lamb’s theory gives a different dependence of charge
the calculated ionization potentials of No, Rf, and Sg fromstates orZ: ionization potentials should vary as the electrons
Refs.[14-16, respectively. For the atoms of Hs through populate atomic levels and reach maximum values for the
element 116 we started from the known ionization potential€losed shells. Accordingly, one could expect oscillations in
of their chemical analogs, i.e., Fe, Ni, Pb, and[TI&], and average charge states of atoms with differ2ritaversing a
employed a simple linear interpolation to estimate charggas at a constant velocity. The ions that have to lose electrons
values, similar to formul#6) of Ref.[18]. However, in con- from the closed shells should show lower average charge
trast to Ref[18], kinetic energies of the electrons were cal- states, compared with the high&meighbors. Such a devia-
culated in Lamb’s approadiRef.[3], point(c)], which gives  tion from the monotonic trend in charge states was first ob-
a kinetic energy value four times less than that given in Refserved for the atoms of rare-earth elements moving through
[18] [formula (5)]. helium and air[19], and was later studied experimentally
Comparison of the experimental and calculated averagELl8]. A maximum in the dependence &p/A on Z in the
charge values shows that both theoretical approaches catcinity of Hf (Z=72) with respect to the smooth curve pro-
provide only a qualitative description for the heavier atomsportional toZ~ 3, and the respective minimum of the value
as was already shown for lighter atoms. Calculations withg/v, was observed in Refl8]. This observation was ex-
Bohr’s formula result in values twice as high as those fromplained by the gradual filling of thefdelectron shel(and the
the experiment. Lamb’s approach shows better agreemericrease of the binding energy of the next electron to be
For instance, calculated and measured charges fotaRf removed and further population of thedb shell. A similar
v/vg=1.04) and Sg agree within experimental uncertaintieseffect could be expectefil8] to occur near Rf Z=104),
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35 . - - - - - atoms, and a correspondingly higher average charge of an
Aco  Rf x ion, as the probability of losing an electron from an excited
g;‘ 2 IS{é; : state is larger than from the ground state. .
Pus 110V A more detailed examination of the charge states of ions

3.0 Cfv 1l4m | with different atomic numbers at similar velocities reveals

deviations from the general monotonic trepg)/(v/vy)
«Z3]. A considerable effect is observed in our experiments
when the number of residual electrons in the ions approaches
104. The gradual population of thef Shell and the corre-

% * i sponding increase in the ionization energy of the next elec-

tron to be removed, and the subsequent population of the 6
shell can explain the effect. Our observations agree with iso-
% electronic sequences known from atomic physics.
2.0 L The interaction between a heavy ion and atoms of a me-
* + dium is so complex that model calculations reproduce only
+ the gross trends in the charge state variations. The existing
theories still need to be refined for more quantitative and
accurate predictions of average charges. So far, only semi-
B e 0 o 1o s 1o empirical formulas and systematics can be used in practice
Number of remaining electrons Z-q for calculating average charges. .
From the viewpoint of an experimental application, the
FIG. 4. Measured average charge statesled by the value of Set of measured data permits the construction of a reliable
v/vg) Vs the number of remaining electrons in the atoms. The line€Mpirical systematics for the mean charge states of heavy
proportional toz*3 is drawn to guide the eye. atoms traversing hydrogen. The charge states estimated from
these systematics have proved to be accurate enough for us
based on the analogy of the6d and 5-6d shells in lan-  t0 choose properly the magnetic parameters of the Dubna
thanides and actinides, respectively. The same effect das-filled recoil separator. The numerous experiments per-
atomic shell structure on the average charges was studied fArmed employing this setup resulted in the production of the
Ref. [20] for light atoms withZ<18. heaviest new nuclides with=106 through 110 and the in-
Figure 4 shows average charge states measured in tiygstigation of their decay properties, and recently in the syn-
present workscaled by the value af/v,) vs the number of  thesis of the new superheavy elements \ita114 and 116.
residual electrons in an ion. A considerable disagreement

with the general trendq)/(v/vo)*Z is observed as we ACKNOWLEDGMENTS
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