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110 uL of 13.9 M HF solution and were fed onto the chro-
matographic column (1.0 mm id. x 3.5mm) at a flow rate
of 1.2mL min~' that corresponds to 6 column volumes per
second. The effluent was collected on a tantalum disk as
fraction 1 and evaporated to dryness using hot helium gas
and a halogen heat lamp. The remaining products in the col-
umn were stripped with 120 pL of 6,0 M HNO, and 0.015 M
HF mixed solution at a flow rate of 1.0 mL min~'. We con-
firmed that the above mentioned HF solution was sufficient
to strip 100% of Nb and over 80% of Ta from the used anion-
exchange column. The 6.0 M HNO,/0.015 M HF effluent
was collected on another tantalum disk and was evaporated
to dryness as fraction 2. Both tantalum disks were auto-
matically transferred to an a-spectrometry station equipped
with eight 600 mm® passivated ion-implanted planar sili-
con (PIPS) detectors. The chromatographic separation was
accomplished within 29s and the o-particle measurement
was started at 53 s and 68 s for each fraction after the col-
lection of the products. The duration of the measurement
was 238 s and 223 s for fraction 1 and 2, respectively. Spon-
tancous fission decay of **Db was not measured in the
present study. Every step of the separation and measure-
ment was controlled by a computer and we repeated these
separation processes 1702 times with AIDA. Counting effi-
ciencies of each detector ranged from 30-40% depending
on geometrical differences of the dried sources, and the
a-particle energy resolution was 100-200 keV FWHM. All
events were registered event by event together with time in-
formation. After the a-particle measurement, the 221 keV
y-radiation of "Ta in every fifth pair of the samples was
monitored with Ge detectors to determine the elution be-
havior of Ta and its chemical yield. The chemical yield of
""Ta including deposition and dissolution efficiencies of the
acrosols was approximately 55%.

3. Results and discussion
3.1 Batch experiments

The distribution coefficient (K,) in units of mL g™ of the
atoms in question between the resin and the solution is ex-
pressed using the following equation:
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where 4, and A, are the radioactivities in the resin and the
solution, respectively, ¥, is the volume of the acid solu-
tion (mL) and W, the mass of the dry resin (g). In Fig. I,
the variation of the K, values of “™Nb, '"Ta, and **Pa on
CAO8Y is shown as a function of the initial HF concentra-
tion, [HF)i: log K4 vs. log [HF],,;. The log K4 values of Nb
and Ta linearly decrease with an increase of log [HF]., up
to around 11 M with the slopes of =2.3+0.1 and =2.5%
0.1, respectively, while that of Pa decreases with the slope
of —2.8=+0.1 in the studied [HF],: 0.96 M < [HF], <
26.4 M. It is well known that HF is equilibrated among
the following species HF, H*, F~, and HF; in the solution
and that at [HF]),; > 1 M, the concentration of the anionic
HF; species is the dominant one [24]. Thus, the decrease of
the log K, values of these elements with log [HF),, is inter-
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Fig. 1. Variation of the distribution coefficient, K, of ®Nb, '"'Ta, and
3Pa on the anion-exchange resin CAOBY as a function of the initial
HF concentration, (HF),, The K, values of ®Nb and '™ Ta obtained
from the on-line column experiment are also shown.

preted as the displacement of metal fluoro complexes from
the binding sites of the resin by the counter anion HF;.
Similar anion-exchange experiments with Nb, Ta, and
Pa [24-31), and spectroscopic studies of Nb and Ta [32,33]
were carried out to elucidate chemical species of these elem-
ents in HF. The results show that the anionic complex of
[NbOF,J*- is stable at [HF],; < 10M, while [NbF,]~ and
[NbF, - are formed at around [HF],,; > 10 M. The sudden
change of the slope for Nb in Fig. | suggests the trans-
formation of the chemical species from the oxo-fluoro com-
plex to the fluoride ones as reported by Caletka and Kri-
van [28]. A small change of the slope for Ta is also seen
above [HF])w = 15M. It has been reported that Ta forms
in HF fluoro complexes of the form: [TaF,]-, [TaF,]'",
[TaFs]*" and [TaF;]*", and that Pa is present in the form
of the anionic species of [PaF,]*~ and [PaF;]'~ in [HF ]y, >
10-* M [24-33]. Although we could not definitely identify
the anionic fluoro complexes of Nb, Ta, and Pa through the
present experiment, the results in Fig. 1 are consistent with
those in the literature as summarized by Korkisch [34].

3.2 On-line chromatographic behavior of Nb, Ta,
and Zr

In Fig. 2, typical elution curves of Nb and '"**Ta simultan-
eously produced in the proton-induced reactions on "Zr and
™HF, respectively, in 9.7, 13.9 and 26.1 M HF are depicted.
According to the Gliickauf formula of chromatography [35],
the eluted radioactivity A(v) with the effluent volume v is
represented by the following equation:

N (v, —v)? l
2 oy |

A(v)=A.....'=XP{— (2)

where parameters A, N, and v, are the maximum peak
height, the number of theoretical plates, and the peak vol-
ume, respectively. It is noted here that the v and v, values
are corrected for the dead volume (24 L) of the present col-
umn. The results of the fit by Eq. (2) are drawn by dashed,
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solid, and dotted curves in Fig. 2 for each condition, showing
good agreement between the experiments and the equation.
The number of theoretical plates N was evaluated to be

4.540.5. In the column chromatographic system, the K,
value is described as
K2, 6)
ml

where m, is the mass of the dry resin. The average m, value
was measured to be 1.3+0.1 mg. The K values evaluated
from the column method are also plotted in Fig. | and agree
well with those from the static batch ones. This indicates
that the anion-exchange processes taking place in the present
column experiment reach equilibrium,

3.3 On-line chromatographic behavior of Db and Ta
at 13.9M HF

Based on the above batch and on-line column experiments,
the chromatographic experiment of Db was conducted at
[HF]y = 13.9M where the K, values of Nb/Ta are re-
markably different from that of Pa. It should be interesting
to observe how Db behaves on the anion-exchange resin:
Nb/Ta-like or Pa-like. Further, the range of the measurable
K4 values with the present AIDA system is limited by the
size of the micro column (1.0 mm i.d. x 3.5 mm) to be 20
to 200. Therefore, we performed the on-line column experi-
ment with Db at 13.9 M HF.

1702 anion-exchange experiments were conducted with
AIDA. The sum of a-particle spectra of samples prepared
from the two effluents, fractions | and 2, are shown in
Fig. 3a and b, respectively. The total beam dose of '*F was
2.2 x 10" particles. The isotope **Cm, a recoil product of
the target (the isotopic composition of the **Cm target
is as follows: **Cm (1.12at.%) and **Cm (1.31 at. %)),
and the Fr isotopes, transfer reaction products, are mostly
eluted with 13.9 M HF. As listed in Table 1, a total of 10
events from 34-s *?Db (£, = 8.45, 8.53 and 8.67 MeV) [36]
and its daughter 3.9-s ™Lr (E, =8.57, 8.60, 8.62 and
8.65MeV) [36] were registered in the energy range of
8.25-8.68 MeV, including 2 time-correlated o pairs of *Db
and **Lr. The life-times of the a-decay events arising from
Db and ®*Lr are also listed in Table 1. The evaluated
average life-time of 52.9 s resulted in a half-life of about
36.7 s that is compatible with the sum of the individual half-
lives of **Db and **Lr (two of these events are ascribed
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Fig.3. Sum of a-particle spectra prepared from the two cffluents:
(a) 13.9M HF and (b) 6 M HNO,/0.015M HF. The vertical dashed
lines show the gated energy range for the analysis: 8.25-8.68 MeV.

Table 1. Observed o events in the energy range of 8.25 to 8.68 MeV.

Event Fraction Energy Life- Remarks
No. No. (MeV) time (s)
1 2 8.584 715
2 2 8.446 10.5 Mother
3 2 B.613 16.9 Daughter
(AT =6.43)
4 1 B.449 9.4
5 1 B414 928 Mother
6 1 8.484 98.7 Daughter
(AT =5.95)
7 1 8363 142.1
8 1 8.266 59.4
9 1 8.382 10.1
10 2 8,592 176

to background counts as mentioned below). From the time
difference AT between the correlated a-decay events, we
obtained an average life-time of 6.2 s for the daughter nu-
clide **Lr.

The average background count rate from cosmic rays
and electronic noise, efc., was determined in a long count-
ing interval as 3.2 x 107 countss™" for each detector in the
w-particle energy range of interest. The total background
counts resulted in 1.3 and 1.2 for fraction-1 and fraction-2,
respectively. The probability of the random correlation rate
was evaluated to be less than 7.4 x 10~* during the measure-
ment (1702 x 238 s and 1702 x 223 s for fractions | and 2,
respectively), while the singles events subtracting the back-
ground resulted in 7.5. The event ratio between the total «
counts and ¢—¢ correlations was estimated to be 10: 1.7,
taking into consideration the counting efficiency of the de-
tector (35%), the recoil effect of **Lr, and the decay of
*¥Db and **Lr. The observed ratio of 7.5 : 2 is reasonably
consistent with the estimated one within the counting statis-
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Fig. 4. Vanation of the adsorption probability, % ads, of Nb, Ta, and Db
on the anion-exchange resin CAO8Y obtained from the on-line column
experiments as a function of the initial HF concentration, [HF).. The
data of **Db and "™Ta obtained from the Cm/Gd target are shown by
closed symbols, while those of ®Nb and '™ Ta from the Zr/HF targets
are shown by open ones.

tics. The evaluated production cross section of **Db based
on the total a-events of 7.5 was about | nb by assuming the
«-decay branch of [, = 64% in **Db [36] that is consistent
with the previous value in [23].

From the radioactivities 4, and 4, measured in fractions
1 and 2, respectively, the adsorption probability (% ads)
on CAO8Y was evaluated using the relation: %ads =
1004,/(A, + 4,). The corrections for the radioactive decay
and the background were considered for A, and A,. Be-
cause of the short half-life of **Lr, the contribution of **Lr
formed from *** Db during the collection before the chemical
separation was not taken into account. The % ads values of
*¥Db and '"Ta were 4573,% and 90 & 2%, respectively, as
shown in Fig. 4. The error limits of the % ads value of **Db
was evaluated from the counting statistics of the observed
o events based on the 68% confidence intervals for Pois-
son distributed variables [37]. The % ads values of *Nb and
"™"Ta produced from the Zr/Hf target in the separate run
are also depicted in Fig. 4 as a function of [HF],,. It should
be noted here that the data of Ta from both runs are in good
agreement, It is clearly seen that the % ads value of Db is
much smaller than those of Nb and Ta.

The K, value of Db was evaluated by assuming that the
kinetics in the complexation and ion-exchange processes
of Db is as fast as those for the homologues as described
in [16,17]. In Fig. 5, the correlation between the % ads and
K4 values of Nb and Ta are plotted together with the data
of Zr produced in *Y(p, n) and those of Zr and Hf taken
from [16]. The % ads values of those elements are found to
be smoothly correlated with K,

%ads = 100 exp [—aexp {—b(Ky—)}]. “4)

The %ads value of Db from the column method can be
transformed into the K, value using Eq. (4). The obtained
K4 is shown in Fig. 6 together with those of Nb, Ta, and Pa
obtained from the batch experiment. The K, values of the
group-4 elements, Zr, Hf, and Rf taken from Ref. [16], are
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Fig. 5. Variation of the adsorption probability, % ads, of Nb and Ta pro-
duced from the Zr/Hf targets on the anion-exchange resin CAOBY as
a function of the distribution coeflicient, 4. The data of Zr produced
from ®Y(p, n) are depicted by open triangles. The % ads values of Zr
and HF produced from the Ge/Gd targets taken from [16) are shown
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Fig. 6. Variation of the distribution coefficient, K, of Db, Nb, Ta, and
Pa on the anion-exchange resin CAOBY as a function of [HF]y. The
values of Db and Ta obtained from the on-line column experiment are
indicated by closed symbols, while those of Nb, Ta and Pa obtained
from the batch experiment are shown by open symbols. The K; values
of Rf, Zr and Hf taken from Ref. [16] are also plotted.

also plotted. The errors associated with *?Db are propagated
from the error limits of the % ads value. As seen from Fig, 6,
the K, value of Db is significantly smaller than those of Nb
and Ta at [HF],, = 13.9 M, while it is larger than that of Pa,
The result demonstrates that the adsorption of these elem-
ents is in the sequence of Ta = Nb > Db > Pa, The present
result is not contradictory to that in the amine extraction
study of Db at 4 M HF [12]. The lower limit value of K,
in [12] would be beyond the limit of measurable Ky values
with the micro columns.

As shown in Fig, 6 and described in [14-19], it has
been found that the fluoride complexation of Rf is signifi-
cantly wcaker than that of Zr and HF, but it is stronger than
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the complexation of Th. The present result ascertains that
a similar tendency is observed also in the group-5 elements.
According to theoretical calculations [38], the order of the
complex formation of [MF,]- (M = Nb, Ta, Db, and Pa)
is predicted to be Pa>»> Nb > Db > Ta that is defined by
a predominant electrostatic energy of the metal-ligand in-
teraction. In the present case, however, chemical forms of
the group-5 elements are not determined as mentioned, al-
though some species are reported to be presumably [MF,]",
[MF,J-, and/or [MF,])*~ in 13.9M HF. Thus, we have to
determine the chemical forms of these elements to com-
pare the experimental adsorption sequence with that from
predictions.

4. Conclusions

The distribution coefficients of Db and its lighter homo-
logues of the group-3 elements Nb and Ta, and the pseudo-
homologue Pa were measured by anion-exchange chro-
matography. It was found that the adsorption of Db on the
anion-exchange resin was evidently smaller than those of Nb
and Ta, while it was larger than that of Pa: Ta=Nb > Db >
Paat 13.9M HF.
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Anion-exchange behavior of the group-5 elements, Nb and Ta, and their pseudo homologue Pa in HF and HF/HNO, solutions was investigated by
& batch method to find suitable conditions for the anion-exchange experiment of element 105 (Dubnium, Db). We determined the distnbution
coefficients of those elements on the anion-exchange resin as a function of the F~ and NO;~ concentrations. Clearly different anion-exchange
behavior was observed among these clements. Based on the results, we discuss the fluoro-complex formation of each element and suggest

experimental conditions for the study of fluaride complexation of Db

\

Introduction

The transactinide elements with atomic numbers
Z>104 must be produced by accelerators using nuclear
reactions of heavy-ion beams with heavy target
materials, Chemical studies of such elements are
conducted on a one-atom-at-a-time basis by rapid
chemical separation techniques because of considerably
low production rates and short half-lives of the
transactinide nuclides.!? Chemical experiments of the
transactinide elements are often performed together with
their lighter homologues to compare the properties with
those of the homologues.

Several model experiments aiming at the chemical
study of Dubnium (Db) in aqueous solution have been
performed using the lighter homologues Nb and Ta, and
the pseudo homologue Pa - Some mutual separations
of the group-5 homologues by chromatographic methods
have been applied to the isolation of 262Db (7, =34 s)
and 263Db (T,,=27s) produced in proper nuclear
reactions, and the behavior of Db was compared with
that of the homologues under each experimental
condition.”1# For clear understanding of the chemical
properties of Db, further systematic investigations are
strongly required.

Chemical characterization of Db is also important to
verify the synthesis of element 115.'5.1¢ A long-lived
spontaneously fissioning nuclide which is one of the
descendants of 288Db (Z=115) produced in the
MIAm(*8Ca, 3n) reaction was assigned to 268Db or,
after EC-decay, to 268Rf (Z=104).¢ To confim the
above assignment, the long-lived nuclides 268Db/258Rf
have to be unequivocally identified by definite chemical
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isolations of Db and Rf, the chemical behavior of these
elements should be established.

In our previous works, distribution coefficients (K,)
of Rf were successfully determined by the anion-
exchange experiments in HF and HF/HNO; solutions
with AIDA (Automated lIon-exchange separation
apparatus coupled with the Detection system for Alpha-
spectroscopy), and the results clearly showed that the
fluoride complexation of Rf is significantly weaker than
that of the homologues Zr and Hf.!”-!9 Quite unique and
unexpected behavior of Rf was observed in the fluoride
complexation. As a subsequent step, we plan to
investigate fluoride complexation of Db through anion-
exchange experiments in HF/HNO;; the K; values of Db
will be systematically measured as a function of the
ligand (F~) and the counter-ion (NO;~) concentrations as
those with Rf.!® The K, values of Nb, Ta and Pa on the
anion-exchange resin were previously determined as a
function of the fluoride ion concentration ([F7]) in
HF/HNO; at [NO3]=0.1M.20 In this work, variations
of the K, values of these elements were accurately
measured as a function of [NO;~] for further discussion
on the formation of anionic fluoro complexes of the
group-5 elements, Based on the results, we propose
suitable experimental conditions for the anion-exchange
chromatography of Db.

Experimental

We used the radiotracers of %*Nb, '7%.17Ta and
233pa to measure the K values on the anion-exchange
resin, The experimental procedures are basically the
same as those described in the previous report.20

Akadémiai Kiadé, Budapest
Springer, Dordrecht
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The K, value is obtained from a ratio of the
radioactivity in the resin phase (A ) to that in the solution
(Ag) as:

wids
Kysta M

where V, is the volume of the solution (mL) and W, the
weight of the dry resin (g). In a polypropylene (PP) test
tube, 8-200 mg of the dried anion-exchange resin MCI
GEL CAOBY (particle size of 25 um) and 3 mL of HF or
HF/HNO; solution containing the radiotracers of *SNb,
177,179Ta and 233Pa were mixed. In each sample, the
numbers of atoms of the radiotracers were 108-10'2,
Then, the tube was shaken for 15 minutes. After
centrifugation, 1 mL of the solution was pipetted into a
small PP container and subjected to X- and y-ray
spectrometry with a Ge semiconductor detector. The
same treatment was conducted without resin to monitor
the reference radioactivity in each solution. The
radioactivity in the resin phase was evaluated by
subtracting that in the supernatant solution from the
reference radioactivity. Only statistical errors were taken
into account for the evaluation of errors in the K; values,
The K, values of Nb, Ta and Pa on the anion-exchange
resin in HF/HNO; solutions were determined as a
function of [NO;~] under the following conditions: the
constant fluoride ion concentration [F-]=2.0-104,
3.0:1073 and 1.0-102 M. The K, values in pure HF
solutions ([NO;7]=0M) were also measured as a
function of [F-] in the concentration range of 8.9-10--
1.7-102M (0.11-2.0M HF). The fluoride ion
concentrations were calculated using the dissociation
constants of HF and HF,~ for equilibria expressed by the
following chemical reactions (2) and (3), respectively:2!

H*+F- g HF )

HF +F~ 2 HF;~ (3)

Results and discussion

Variations of the K; values of Nb, Ta and Pa on the
anion-exchange resin in HF/HNO; solutions are shown
in Fig. | as a function of [NO;7] at constant [F~] of (a)
2.0-107%, (b) 3.01073 and () 1.0-10-2M, In the logk vs.
log[NO;7] plot, logK, linearly decreases with increasing
log[NO;~] for every element. Thus, we fitted a linear
expression to the data with the least squares fitting. The
slopes of the fitted lines are presented in Table 1. In
every concentration of [F-], the absolute values of the
minus slopes are in the sequence of Pa>Nb>Ta.

372

The present K; values at [NO4~]=0.1M are in good
agreement with those obtained in the previous study as
depicted in Fig. 2. The K, values obtained in HF
solutions are also plotted in Fig. 2. It is obvious from the
figure that the K, values of the elements become small
in HF/HNO; by the effect of the NO;~ ions as a counter
ion and that the differential between the K; values in HF
and those in HF/HNO; is the largest for Pa, which is
consistent with the largest absolute value of the slope for
Pa in Table 1.

On the assumption that consecutive coordination of
the fluoride ion to metal cations proceeds in the
formation of the anionic fluoro complexes or oxo-fluoro
complexes with increasing [F-],20 formation constants
of the anionic complexes with —1 and -2 charges are
given by:

__ [MFg] @)
[MF5][F™]
and
3 2
Kq= M (5)
[MFg )(F"]

respectively, where M represents the pentavalent metal
ion as M3, In the case of the oxo-fluoro complexes,
MO3* is substituted for MF,3*; for example, the
complex MOF "~ is replaced by MF~.

Equilibrium constants of anion-exchange reactions,
Dy and D+, with the resin are expressed by:

D, [RMF (L]

6

[MFg J[RL] W

_ [RoMBy L o
[MF{ )[RLJ

where R and L~ represent the anion-exchange resin and
a counter fon, respectively. Formation of the complex
with a -3 charge and further charged anionic complexes
are not taken into consideration because the complexes
with the —1 and/or -2 charges are the dominant species
in both the solution and the resin phase even in
concentrated HF solutions for Nb and Ta, which has
been verified from the EXAFS and Raman spectroscopic
studies of these elements, 2223

Table |. Slopes (s) of the fitted linear lines in Fig 1:
logk ;= s log [NOy +C

Slope (5)
FlM Nb Ta Pa
20107 -1.0£0.1 -05%0.1 -1.20.1
30107 13401 -1.2+0.1 -1.80.1
101072 ~15+0.1 -13101 -2040.1
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a
o]
g LLE ) Fi=20x104 m |
-2 -1 0
log[NO;]

log Ky

[F]=30x102 M i

-1 ] . .
-2 -1 0
log[NO;]
5 T " .
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3
§ 2
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0
b [F‘]=1.(l)x10'2M . ‘
-2 -1 0

log[NO; ]

Fig. 1. Variations of the K, values of *Nb, '™Ta and P on the anion-exchange resin as a function of [NOy7]
at the constant [F7] of () 2.0:107, (b) 3.0:107? and (c) 1.0-107M
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6 HF/0.1 MHNOs HF
10 This work  Ref. (20
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5 102} 0P st mess
X ¢ g
10" 5 & 258 L
100} % .
10-11I|§ L= 1 0IIIN LIS 1T VO S WA V4 T—
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Fig. 2. Variations of the K, values of Nb, Ta and Pa on the anion-exchange resin as a function of [F~] in HF/HNO, media (closed symbols)
and in HF media (twofold symbols) together with those reported in Reference 20 (open symbols)

It is also reported that Pa forms the anionic fluoro
complexes of PaFg~ and/or PaF;*~ except in the
extremely concentrated HF solution. 226 The K, values
in the exchange reaction of the complexes of interest
between the solution and the resin phase is described as:

 RMEgI+[RoMP]

z (8)
[MFs] + [MFg ]+ [MF;"]

From Eqs (4) to (7), the following expression is
obtained:

_ [RLI[LJKD6[F ]+ [RLF KK Dy [F 1

K
RO+ KelF 1+ KeKlF 1)

9)

When only single species dominantly interacts with
the resin, Eqs (10) and (11) are given for the species
with the -1 and -2 charges, respectively:

L]

log K4 =—log [RL] +log KgDg +
- (10)
+]og( 7] = 1]
1+ Kg[F 14+ KgK4[F]
L]

lUng - —ZIOgIRLi + |OgKﬁK?D-’ +

5 an
+I0g[ ] 2]
1+ Kg[F ]+ KgK5[F ]

The concentration of the counter ion in the resin
phase, [RL], can be regarded as a constant value because
it is equal to the exchange capacity of the resin phase.

374

Since the contribution of F~ and HF,~ as the counter
ions is negligible at [F7]<5-1073M in HF/HNO,
solutions,'® [L-] can be replaced by [NO;~] in such [F7]
range. Thus, the slope of the linear fit in the logk, vs.
log[NO;] plot at constant [F7] of <5:1073M
corresponds to the charge of the anionic complex which
interacts with the resin. In this work, therefore, the
charges of the complexes can be evaluated from the
slopes under the following conditions, [F-]=2.0-1074
and 3.0-10-3M (Figs la and 1b). The relationship
between the slope and the electric charge of the complex
ion holds even if the existences of the metal cation
(M5*) and other fluoro complexes such as MF** and
MF,3* in the solution are taken into account, '8

The absolute value of the minus slope in Table 1
becomes larger for every element with increasing [F].
This means that the coordination number of the fluoride
ion to the metal cation increases with increasing [F~],
indicating the consecutive formation of the fluoro
complexes of the group-5 elements. The sequence of the
absolute slope values for the elements mentioned above
(Pa>Nb>Ta) corresponds to that of the charge number of
the anionic complexes on the condition that
[F-]=2.0-10* and 3.0-103M.

As for chemical species, it is reported that Ta and Pa
form fluoro complexes MF, ", while Nb is dominantly
present as oxo-fluoro complexes NbOF 3" in aqueous
solutions containing fluoride ions with a wide range of
[F-].#622-27 Especially, the EXAFS and Raman
spectroscopic  studies of Nb and Ta suggest that
TaF;*~ and NbOFs?~ are the dominant species in
0.1-10M HF solutions ([F~]=8.9-10-3-1.9-10-2m).2223
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From the present results, it is deduced that Nb forms the
anionic complex NbOF,~ which interacts with the anion-
exchange resin at the diluted [F-], whereas NbOF 2
would coexists at [F-]=3.0-10-3M. Tantalum would
form the TaF¢~ complex at [F-] of 3.0:103M. From the
slope of —0.5 at [F-]=2.0:10~*M in Table 1, it would be

possible to interpret that hydrolysis species of Ta are

- present at such dilute F~ concentration. Actually
hydrolysis species is reported to dominate the fluoride
complexation of Ta at [F-] lower than 1-10-3M.5 PaFg~
and PaF,> are considered to be formed at [F-] of
2.0-10~4 and 3.0-10-3M, respectively.

Regardless of the clear difference in chemical
species between Nb and Ta, the variations of the K,
values of Nb and Ta as a function of [F~] as well as the
absolute values of the K; values are quite similar with
each other in HF solutions under the studied conditions
as shown in Fig. 2. On the other hand, in HF/HNOj, the
K4 values of Nb are quite different from those of Ta, and
a unique variation of the K; values of Nb against [F~] is
observed,2’ probably reflecting its uniqueness of the
chemical species. To discuss the fluoride complexation
of the group-5 elements including Db, a systematic
anion-exchange study of Db in HF/HNO; is
indispensable. The K, values of Db should be
determined in a wide range of [F] to observe
consecutive formation of the fluoro complexes. The
variation of the K; values as a function of [NO;] should
be also measured in the concentration range of
[F-]<5:103M to evaluate the charge number of the
complex of Db without the influence of the other
counter ions.

Conclusions

The K, values of Nb, Ta and Pa on the anion-
exchange resin were determined as a function of [NO;7],
and clearly different anion-exchange behavior was
observed among the elements in HF/HNO; solutions.
Analysis of the slopes of the linear fittings in the logk;
vs. log[NO;7] plot enables us to evaluate the charges of
the anionic fluoro complexes of the group-5 elements.
Their chemical species were deduced based on the
knowledge in the references as follows: (1) NbOF,~
would be present at [F“]=2.0'|0" and 3.0-1073M, (2)
TaF¢~ scems to be dominantly present at [F~]=3-10-M
and Ta is hydrolyzed at [F-]=2.0-10~*M, and (3) PaF "
and PaF;> would be dominantly present at
[F-]=2.0-10~* and 3.0:103M, respectively.

The authors thank the staffs of the RIKEN Accelerator Research
Facility for the productiops of **Nb and '™ Ta.
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Electrochemistry / Flow electrolytic cell /
Chemically modified electrode / Redox reaction

Summary. We developed a new apparatus for the study
of electrochemical properties of the heaviest elements. The
apparatus is based on a flow electrolytic cell combined
with column chromatography. Glassy-carbon fibers modified
with Nafion perfluorinated cation-exchange resin are used
as a working electrode as well as a cation-exchanger. The
elution behavior of '*Ce with the number of 10'° atoms in
0.1 M ammonium a-hydroxyisobutyric acid solution from the
calumn electrode was investigated at the applied potentials of
0.2-1.0V versus the Ag/AgCl reference electrode in 1.0M
LiCL. It was found that "“Ce** is successfully oxidized to
"Ce’t even with tracer concentration at around the redox
potential determined by cyclic voltammetry for the macro
amounts of Ce with 10" atoms (10~ M). The present oxida-
tion reaction and separation of Ce** was accomplished within
a few minutes.

1. Introduction

The heaviest atoms with atomic numbers > 101 must be
produced in heavy-ion-induced nuclear reactions. Because
of the short half-lives and the low production rates, chem-
ical experiments are carried out on an atom-at-at-time ba-
sis. According to the concept of single-atom chemistry
by Guillaumont et al. [1,2], it is suggested that an equi-
librium constant of the atom between two phases is cor-
rectly determined in terms of the probability of finding the
atoms in one phase or the other. Thus, currently favor-
able experimental techniques for the chemical study of the
heaviest elements are based on partition methods such as
ion-exchange chromatography, solvent extraction, and gas
chromatography [3,4].

Oxidation-reduction (redox) studies of the heaviest elem-
ents are expecled to give valuable information on valence
electron states such as oxidation states and redox poten-
tials. Ordinary electrochemical approaches such as cyclic
voltammetry are, however, not available for the single-atom

* Author for correspondence
(E-mail: toyoshima.atsushi@jaca.go.jp).

chemistry of the heaviest elements. Thus, one needs to in-
vestigate redox properties of the heaviest elements based on
partition behavior of the single atoms between two phases
instead of measurement of electric currents arising from
a redox reaction,

Radiochemical polarography has been applied to the
determination of the amalgamation potentials of element
101 (mendelevium, Md) [5] and element 102 (nobelium,
No) [6, 7] where amalgamated metals were extracted into the
mercury phase from aqueous solution. The amalgamation
technique gives reduction potentials from the most stable
oxidation states to amalgamated metallic-states.

Another technique is the column chromatography with
simultancous use of reducing and oxidizing agents, which
is based on differences in adsorption abilities between ions
with different oxidation states. The existence of the divalent
state of Md [8-10] and the trivalent one of No [11,12] in
aqueous solutions has been verified based on the chromato-
graphic behavior comparing with that of some indicative
radiotracers. It is, however, difficult to apply this technique
to the heavier elements with shorter half-lives because of the
time-consuming and complicated procedures.

In the present study, we newly developed an electro-
chemistry apparatus to identify possible oxidation states
of the heaviest elements in aqueous solutions. The appara-
tus is based on a flow electrolytic cell [13-15] equipped
with a chemically modified electrode [16-19] that is quite
suitable for rapid and efficient chemical experiments of
the heaviest elements. A chemically modified method was
applied to separate ions of interest in different oxidation
states on the electrode. We studied the oxidation reaction
of Ce** — Ce** + e~ with macro- and tracer-amounts
of concentration of Ce in 0.1 M ammonium a-hydroxy-
isobutyric acid («-HIB) solution by separating Ce** and
Ce** in elution procedures. First, cyclic voltammetry of
Ce with 107 atoms (107 M) in 0.1 M «-HIB solution
was performed to determine the redox potential of the
Ce** +e~ = Ce** reaction under the present condition.
Then, the elution behavior of the radiotracer "*Ce with
10" atoms on the chemically modified electrode was inves-
tigated at the applied potentials of 0.2-1.0V. The appli-
cability of the present apparatus to single-atom chemistry
is demonstrated.
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2. Experimental
2.1 Electrochemistry apparatus

The electrochemistry apparatus developed is based on the
flow electrolytic cell [13—15]. A cross sectional view of the
apparatus is illustrated in Fig. 1. The working electrode is
made of a bundle of glassy-carbon fibers of 11 um average
diameter (GC-20, Tokai Carbon co. Itd.) that is packed in
a porous Vycor glass tube (4.8 mm i.d., 7mm o.d., 30 mm
long, Coming co., ltd.) which works as an electrolytic dia-
phragm. The number of the packed carbon fibers and the
total surface area are calculated to be approximately 1.4 x
10° and 1500 cm’, respectively.

The surface of the carbon fibers was modified with
Nafion perfluorinated cation-exchange resin (Nafion dis-
persion solution DE2020, Wako Chemicals). A bundle of
carbon fibers were soaked in 1% Nafion solution diluted
with acetone. Then, the solution was evaporated at room
temperature. The modified fibers were packed in the Vy-
cor glass tube. The glass tube sealed with o-rings at both
sides was installed in the electrolyte pool that was filled
with 0.1 M a-HIB. A platinum-mesh counter electrode was
placed in the pool to surround the glass tube. The potential
on the working electrode was controlled using a potentio-
stat (Hokuto Denko, HB111) referring to the 1.0 M LiCl-
Ag/AgCl electrode placed in the pool.

2.2 Cyclic voltammetry of Ce

Cyclic voltammetry of Ce in 0.1 M @-HIB solution (pH 3.9)
was performed at a scan rate of 20mV s™' using the elec-
trochemistry apparatus to determine the redox potential of
the Ce** + e~ == Ce™ reaction under the present condition.
The 10 M Ce'* solution was prepared from the reagent
Ce(NO,),-6H,0. A carbon-fiber electrode without modifica-
tion by Nafion was used in the non-flow mode to measure the
current caused by the redox reaction of Ce.

2.3 Production of radiotracers

The nuclide ""Ce (T}, = 137.64 d) was produced in the
""La(p, n)'¥*Ce reaction at the RIKEN K70 AVF Cyclotron,
while those of ¥Zr (T, = 83.4d), '"™Hf (T, = 70.2d),
and ¥Sr (7}, = 64.84 d) were produced in the *Y(p, 2n),

Reference Electrode
(Ag-AgCl)
\.\\

Working Electrode
(glassy-carbon fibers)

Counter Electrode

~  (Ptmesh)

P 77
V/f/flllﬂllﬂlfflﬂl/j

Grassy-carbon rod
(for the lead of the
working electrode)

P N
Toom Electrolyte pool
Fig. 1. Schematic view of the electrochemistry apparatus.

"Lu(p, n), and “Rb(p, n) reactions, respectively, at the
JAEA tandem accelerator. These radiotracers were separated
from the relevant target materials by ion-exchange methods,
and ®Y (T, = 106.65 d) generated from the EC-decay of
®Zr was also prepared. They were stored in 0.1 M o-HIB
solution. The radiotracers except '**Ce were used as the ref-
erences of the typical oxidation states in a-HIB solution:
Ze*, Hf*, Y™, and SP*.

2.4 Cation-exchange experiments of Ce’™ and Ce**

Prior to the electrochemical study, it is indispensable to ex-
amine the different elution behavior of Ce’* and Ce** under
the present conditions. The elution behavior of Ce’* and
Ce** of 10°* M in 0.1 M o-HIB solution from a strongly
acidic cation-exchange column was studied.

The samples of Ce** and Ce** were prepared from the
Ce(NOy);-6H,0 and (NH,);[Ce(NO;)] reagents, respec-
tively, and were separately stored in the 0.1 M a-HIB so-
lution (pH 4.0) together with the radiotracers of '*Ce, *Zr,
ISHf, *Y, and *Sr. It is noted that the samples with Ce**
were subjected to the cation-exchange experiments after
preparation as soon as possible because Ce** is gradually re-
duced to Ce** in the 0.1 M a-HIB solution within a few tens
of minutes.

200 puL of the 0.1 M o-HIB including 10~* M Ce and the
radiotracers was fed onto the cation-exchange column (MCI
GEL CKO08Y, 1.6 mm i.d. x7.0 mm long) at a flow rate of
I mLmin~', Then, 2400 uL of the 0.1 M «-HIB solution
was subsequently fed onto the column. The effluents were
fractionated into 8 aliquots in plastic tubes. The remaining
elements on the column were then eluted with 400 pL of
6.0 M HNO,. The effluent was also collected in a plastic
tube. All effluent samples were assayed for y-ray activity
using a Ge detector.

2.5 Electrochemical oxidation of **Ce

The Nafion perfluorinated ion-exchange resin on the work-
ing clectrode was preconditioned by passing 0.1 M «-HIB
solution (pH 3.9) through the column. Then, 200 pL of the
0.1 M «-HIB solution (pH 3.9) including radiotracers of
9 Ce, ¥Zr, 'Hf, ™Y, and ¥Sr was fed onto the column
electrode followed by feeding 1800 L. of a-HIB solution
(pH 3.9). The potential applied to the electrode was adjusted
to 0.2, 0.7, 0.75, 0.8, and 1.0 V using the potentiostat. The
effluent from the outlet was fractionated into 13 aliquots
in plastic tubes at each potential. The remaining radiotrac-
ers on the electrode were eluted with 1000 uL of 3.0M
HCl at 0.2 V, and the effluent was collected in another plas-
tic tube. These chromatographic separation procedures were
completed within a few minutes, All effluent samples were
assayed for y-ray activity using a Ge detector. The number
of "¥Ce atoms used for each experiment was 10", Chemical
yields of these radiotracers were evaluated to be about 90%.

3. Results and discussion

Fig. 2 shows the voltamogram of 10-* M Ce in 0.1 M a-HIB
solution, The abscissa represents the applied potential and
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Fig. 2. Voltamogram of 10> M cerium in 0.1 M a-hydroxyisobutyric
solution (pH 3.9) with the 1.0M LiCl-Ag/AgCl reference electrode.
The abscissa represents the applied potential and the ordinate the meas-
ured current, The arrows indicate the current peaks observed,

1.5

the ordinate shows the observed current, The positive cur-
rent caused by the oxidation reaction of Ce™* — Ce** + e~
is at around 0.85 V, while the negative current through the
inverse reaction is observed around 0.55 V. Thus, the for-
mal redox potential of the Ce** 4 ¢~ = Ce** reaction in the
present solution is measured to be 0.7 V that is equivalent
to 0.92 V referred to the standard hydrogen electrode (SHE).
This formal potential is, however, much lower than the po-
tential of 1.7V in 1 M HCIO, solution [19] versus the SHE
reference, which is due to complex formation of Ce with
the a-HIB ligands which lowers the redox potential of the
reaction.

Fig. 3(a) and 3(b) show the elution curves of 10~* M Ce**
and 10~ M Ce**, respectively, on the cation-exchanger.

50

} 6 M
40 ? 0.1 M a-HIB i HNO,

- N W
(=~~~ =

Eluted radioactivity / %
- N W B
o O O O

Q

2000
Eluted Volume / pl

0 1000 3000

Fig. 3. Elution curves of (a) 10~ M Ce* and (b) 107 M Ce** to-
gether with the carrier-free *Sr, ™Y, ®Zr, and '""Hf radiotracers in
0.1 M a-hydroxyisobutyric solution (pH 4.0) on the cation-exchange
column (CKOBY resin).

Eluted radioactivities per 100 pL of the effluent for '**Ce,
®Zr, "SHf, ™Y, and Sr are depicted. It is found that Ce™* is
strongly adsorbed on the resin in the «-HIB solution and is
stripped from the column with the 6 M HNO;, while Ce** is
sooner eluted in the ¢-HIB solution although a part of Ce**
was already reduced to Ce**. The stronger adsorbability of
Ce** compared with that of Y** on the cation-exchange
resin is qualitatively consistent with the elution behavior re-
ported in Ref. [21]. The elution behavior of Ce** is similar
to that of Zr** and Hf**,

Fig. 4(a)—(e) show the elution curves of '*Ce, ®*Zr, '"Hf,
Y, and *Sr from the modified electrode at the applied po-
tentials of 0.2, 0.7, 0.75, 0.8, and 1.0V, respectively. The
ordinate shows the eluted radioactivities per 100 wL of the
effiuent. The results of the fit according to the Gliickauf
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; :
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® 1360 i
40 :::frf i 0.2V
Hf |1
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Fig. 4. Elution curves of the carrier free ' Ce radiotracer at the applied
potentials of (a) 0.2V, (b) 0.7V, (¢) 0.75V, (d) 0.8V, and (e) 1.0V
relative to the 1.0M LiCl-Ag/AgCl el le. Eluted radioactivities
of ™Sr, ™Y, "Ce, ™Zr and ""Hf are depicted by open trinngles, open
circles, closed circles, open squares, and open diamonds, respectively.
Lines demonstrate fits according to the Glackauf model of chromato-

. graphy.
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model [22] of chromatography were shown as solid lines,
dashed and dotted lines, broken lines, and dotted lines for
¥ Ce, ®Zr,'"Hf, and *™Y, respectively. At the lowest poten-
tial of 0.2 V in Fig. 4(a), the elution order of the radiotrac-
ers, Zr** =Hf* > Y** > Ce** > Sr**, agrees with that on
the CKO8Y column shown in Fig. 3(a). This elution behav-
ior shows that the cation-exchange separation on the Nafion
electrode is successfully performed although the separation
ability on the Nafion electrode is worse. It is noted that '**Ce
is bound in the most stable trivalent state at this potential. On
the other hand, at the highest potential of 1.0 V in Fig. 4(e),
the elution of '*Ce agrees well with that of Zr** and Hf**,
and that of 10~ M Ce** on the CKORY resin in Fig. 3(b).
This clearly demonstrates that '**Ce** is electrochemically
oxidized to Ce** on the modified electrode. Comparing the
elution behavior of **Ce in Fig. 4(a) to 4(e), the fractions of
¥ Ce** increase with increasing the applied potential while
no variation was observed in the elution of the other elem-
ents, which reveal that **Ce** is oxidized to '**Ce** around
the redox potential of 0.7 V.

4. Conclusion

Oxidation of Ce in tracer concentration was successively
conducted using the newly developed electrochemical ap-
paratus. The redox potential of '*’Ce with the 10" atoms
(10-"' M) evaluated from its elution behavior was consistent
with that determined in the current measurement with the
macro amount of Ce (10~* M), The rapid procedure taking
a few minutes is well suitable for the electrochemical study
of the heaviest elements.
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The performance of the gas-jet transport system

coupled to the RIKEN gas-filled recoil ion separator GARIS was

investigated using **No produced in the “*U(¥Ne, 5n)**No reaction. Alpha particles of **No separated with
GARIS and transported by the gas-jet system were measured with a rotating wheel apparatus for o spectrometry
under low background condition, The high gas-jet efficiencies of about 75% were independent of the recoil ranges
of ®No in the gas-jet chamber. The present results suggest that the GARIS/gas-jet system is a promising tool for
the next-generation superheavy element chemistry: (i) the background radicactivities of unwanted reaction products
are strongly suppressed, (ii) the intense beam is absent in the gas-jet chamber and hence the high gas-jet efficiency
is achieved, and (jii) the beam-free condition also allows for investigations of new chemical systems

1. Introduction

Chemical studies of superhcavy elements (SHEs) with
. atomic numbers Z 2 104 have become one of the most exciting
and challenging research subjects in nuclear and radiochemis-

try.* The extremely low production yields and short half-lives *

of SHEs force us to conduct rapid and efficient on-line chemi-
cal experiments with “single atoms”. Using a gas-jet transport
technique, the experimental studies on the chemical properties
of SHEs have been performed for elements 104 (Rf) to 108
(Hs) and recently element 112" At the same time, many of
these successful experiments have clearly demonstrated the
limitations of the applied techniques. Large amounts of back-
ground radioactivities from unwanted reaction products
become unavoidable with increasing Z of SHEs of interest.
High-intensity beams from advanced heavy-ion accelerators
also give rise to a problem in that the plasma formed by the
beam in the target chamber significantly reduces the gas-jet
transport efficiency. To overcome these limitations, the con-

cept of physical preseparation of SHE atoms has been pro-

posed."* With this method, background radioactivities
originating from unwanted reaction products are largely
removed. The high and stable gas-jet efficiencies arc achieved
owing to the condition free from plasma. Furthermore, this
beam-free condition allows us investigations of new chemical
systems that were not accessible before.! The pioneering
experiments with the recoil transfer chamber (RTC) coupled to
the Berkeley Gas-filled Separator (BGS) were very success-
ful* The isotope of *'Rf physically separated from the large
amount of B-decaying products was identified with a liquid
scintillator after a liquid-liquid solvent extraction. Thereafter,
the BGS/RTC system was used in the model experiments of
R and Hs." At Gesellschaft fiir Schwerionenforschung
(GSI), a new gas-filled separator, the TransActinide Separator
and Chemistry Apparatus (TASCA), is under commissioning

*Corresponding author: haba@riken jp

as a preseparator for chemical studies.*"!

In the RIKEN Linear Accelerator (RILAC) facility, a gas-jet
transport system was installed at the focal plane of the RIKEN
gas-filled recoil ion separator GARIS to start the SHE chemis-
try.”? The performance of the system was first appraised using
5Er and *Fm produced in the "Tm(*°Ar, 3n)*°*Fr and
*ph(*°Ar, 3n)***Fm reactions, respectively.”” Alpha particles
of *Fr and **Fm separated with GARIS and transported by
the gas-jet system were measured with a rotating wheel appara-
tus for o spectrometry under low background condition. The
high gas-jet efficiencics of over 80% were found to be indepen-
dent of the beam intensity up to 2 particle PA (pjLA).

In order to produce SHE nuclides with long half-lives for
chemical experiments, further asymmetric fusion reactions
based on actinide targets such as **U, Py, and ***Cm should
be considered (hot fusion reactions). However, very small
recoil velocities of evaporation residues (ERs) produced by
such asymmetric reactions cause serious problems in the opera-
tion of a gas-jet system coupled to a gas-filled separator. The
transport efficiency of the gas-filled separator drastically
decreases with decreasing recoil velocity due to the multiple
small-angle scattering in the filling gas. A vacuum window
foil, which separates the gas-jet chamber from the gas-filled
separator, should be thin enough (=1 pm as Mylar) to allow
ERs to pass though and has to withstand a pressure difference
of about 100 kPa. In this work, the performance ol' the GARIS/
gas-jet system for the hot fusion reactions was investigated for
the first time using **No produced in the ™U(*Ne, 5n)**No
reaction. The *No atoms preseparated with GARIS were suc-
cessfully extracted by the gas-jet system to a distant site where
the rotating wheel apparatus for & spectrometry was equipped.
The setting parameters such as the magnetic field of the sepa-
rator and the gas-jet conditions were optimized to obtain the

highest yield of **No.
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Figure 1. A schematic of the experi
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1 setup: (a) RIKEN gas-filled recoil ion separater GARIS; (b) 12-strip Si detector (SD) chamber; (c)

Gas-jet chamber; (d) Rotating wheel apparatus MANON for & spectrometry.

2. Experimental

A schematic of the experimental setup is shown in Figure 1.
The 2Ne’* ion beam was extracted from RILAC. A U0y
target of 370 pg cm™ thickness was prepared by electrodeposi-
tion in 2-propanol onto a 1.27 mg cm™ titanium backing foil,
The details of the target preparation are reported elsewhere.”
Sixteen targets were mounted on a rotating wheel of 30 cm in
diameter. The wheel was rotated during the irradiation at 3000
rpm. The beam energy was 113.8 MeV at the middle of the
target. Al this incident energy, the excitation function for the
BE(**Ne, 5n)***No reaction exhibits the maximum cross sec-
tion of 90 nb."* The beam intensity was monitored by measur-
ing elastically scattered projectiles with a 8i PIN photodiode
(Hamamatsu S1223) mounted at 45° with respect to the beam
axis, The typical beam intensity was 4 puA. GARIS was
filled with helium at a pressure of 37 Pa. The other details of
GARIS are given elsewhere."

As shown in Figures 1a and b, the evaporation residues of
interest were separated in-flight from beam particles and trans-
fer reaction products with GARIS, and were implanted into a
12-strip Si detector (SD) of 60 x 60 mm® (Hamamatsu 12CH
PSD) through a Mylar window foil which was supported with a
circular-hole (4.0 mm diameter) grid with 71.6% transparency
and of 60 mm diameter. The thickness of the Mylar foil was
determined to be 1.1£0.1 pm based on the energy loss of 5.486-
MeV a particles from *'Am and on the stopping powers calcu-
lated with the SRIM code." The cycle of the beam-on (300 5)
and beam-off (600 s) measurements was performed, because
no a peaks of **No were observed in the beam-on spectrum
due to large amounts of background events. The a-particle

energy resolutions of the 12 SDs were 20-60 keV FWHM. All
events were registered in an event-by-event mode using the
VME LIST/PHA module (Iwatsu A3100). The magnetic rigid-
ities of 1,73, 1.82, 1.93, and 2.04 T m were examined (o opti-
mize the transport efficiency of GARIS for *No,

In the gas-jel transport experiments, the reaction products
separated with GARIS were guided into the stainless-steel gas-
jet chamber of 60 mm depth as shown in Figure lc. The mag-
netic rigidity was set at 1.93 T m. The *No atoms were
stopped in the helium gas, attached to aerosol particles gener-
ated by sublimation of the KCI powder, and were continuously
transported through a Teflon capillary (1.59 mm id., 4 m
length) to the rotating wheel apparatus MANON for o spec-
trometry (Figure 1d) which was the compact one of the
Measurement system for the Alpha-particle and spontaneous
fissioN events ON-line developed at Japan Atomic Energy
Agency (JAEA)." The temperature of the KCI aerosol genera-
tor was fixed to 620 °C based on the previous **Tm(*Ar,
3n)*Fr experiment.”? The flow rates of the helium gas were
varied at 1.0, 2.0, 3.0, 4.0, and 5.0 L min™', which resulted in
the inner pressures of the gas-jet chamber of 38, 54, 69, 81, and
92 kPa, respectively. In MANON, the aerosol particles were
deposited on 200-position Mylar foils of 0.68 um thickness
placed at the periphery of a stainless steel wheel of 420 mm
diameter, The wheel was stepped at 90-s interval to position
the foils between seven pairs of Si PIN photodiodes
(Hamamatsu $3204-09), Each detector had an active area of
18 x 18 mm® and a 38% counting efficiency for @ particles.
The a-particle energy resolution was 60 keV FWHM for the
detectors which look at the sample from the collection side (top
detectors).
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Figure 2. (a) o-Particle spectra measured in the 12-strip Si detector
(SD) under the beam-off condition for 36000 s. The *Ne beam dose
of 4.3x%10" was accumulated during the cycles of the beam-on (300 s)
and beam-off (600 s) measurements. The magnetic rigidity of
GARIS was set at 1.93 T m. The inset shows a decay curve of the
7.620-8.312-McV @ peaks of ***No. (b) Background a-particle
spectrum measured with SD for 82000 s before the beam experiment.

3. Results and Discussion

As mentioned in the previous section, no o peaks were iden-
tified in the & spectrum measured with SD under the beam-on
condition (the total count rate of all strips of SD at > | MeV is
about 2 k counts per second for the 1-ppA beam intensity).
Figure 2a shows a sum of a-particle spectra measured in all the
strips of SD for 36000 s under the beam-off condition, The
beam dose of 4.29%10" was accumulated during the cycles of
the beam-on (300 s) and beam-off (600 s) measurements, The
magnetic rigidity of GARIS was 1.93 T m. As indicated in
Figure 2a, o peaks of **No were identified in the energy region
of interest (E, = 7,620-8.312 MeV)," though many other o
peaks are seen in the spectrum. Compared in Figure 2b is a
background spectrum measured with SD for 82000 s before the
beam experiment. Since SD was contaminated with long-lived
RAc (T = 10.0 d) and *'Th (T, = 18.72 d) which were
implanted into SD as transfer reaction products from *'Th in
the previous experiment, o lines of their daughter nuclides of
MEr, WEi, 2R, 2AL, **Po, and **Po are clearly identified,
Thus, the & peaks in Figure 2a except those for *“No are unam-
biguously assigned as the background components, though
small contributions of the daughter. nuclides of ***No, **Md
(Tia = 27 min, Eq = 7.326 MeV) and Fm (Tj, = 2007 h, E, =
7.016 MeV), are seen in the spectrum. The decay curve of the
7.620-8.312 MeV a peaks of 2**No is shown in the inset of
Figure 2a. The half-life of **No was determined 1o be 3.820.7
min, which is in agreement with the literature value of 3.1£0.2
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Figure 3. Yield variation of **No produced in the **U(*Ne, 5n)*“No
reaction as a function of the magnetic rigidity of GARIS. The dashed
curve represents the result of the least-squares fitting with the
Gaussian curve with a maximum yield at Bp = 1.89+0.02 T m and a
resolution of ABp/Bp = 12+2%.
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Figure 4. Sum of a-particle spectra measured in the seven lop
detectors of the rotating wheel apparatus MANON for 630 s after the
90-5 acrosol collection. The 90-s acrosol collection was repeated 207
times. The beam dose of 2.8x10"7 was accumulated. The helivm
flow rate was 1.0 L min™' and the inner pressure of the gas-jer
chamber was 38 kPa,

min." The decay curve also suggests that the contribution of
8.093-MeV «o peak of ™No (Tip = 55 ), which is producible in
the *™U(*Ne, 6n)*“No reaction, is negligible within the error
limit.

In Figure 3, relative yields of **No are shown as a function
of the magnetic rigidity (Bp) of the separator. As shown by a
dashed curve in Figure 3, a least-squares fitting with the
Gaussian curve gives a maximum yield at Bp = 1.89£0.02 T m,
where the transport efficiency of GARIS was evaluated to be
about 5% for the focal plane of 60 mm diameter, assuming the
cross section of the **U(*Ne, 5n)***No reaction to be 90 nb."
The resolution of ABp/Bp = 12+2% suggests that the transport
efficiency of GARIS would be increased by a factor of about 2
using the larger focal plane window of 100 mm diameter.

Figure 4 shows the sum of a-particle spectra measured in
the seven top detectors of MANON. In this measurement, the
beam dose of 2.81x10" was accumulated. The 7.620-8.312-
MeV a peaks of ***No are clearly seen in the spectrum, indicat-
ing that the gas-jet transport of ***No to MANON was
successfully conducted after the physical separation with

=39



30 J Nucl. Radiochem, Sci., Vol, 9, No. 1, 2008

100 T T T T T

et

<

oy

5

2 = 54 kPa * 81 m{"“--+ 1
‘E [ 69 kPa gring ]
S B
E 40+ -
B C z
E 20 .

0 n i M 1 " 1 1 1

0.0 1.0 20 3.0 40 50 6.0
Helium flow rate / L min™

Figure 5. Variation of the gas-jet transport efficiency of **No as a
function of the helium flow rate. The inner pressures of the gas-jet
chamber are indicated for each data point.

GARIS. Background radioactivities such as *"Po (8.376-MeV
a) and ***Po (11.650-MeV o), which are largely produced in
the transfer reactions on the lead impurity in the target,"” are
fully removed by the present system. The decay curve for the
7.620-8.312-MeV component is shown in the inset of Figure
4a. The half-life was determined to be 3.4+0.8 min. Since
MANON was placed in the target room in this experiment,
some background events caused by large amounts of neutrons
during the irradiation are seen in the spectrum. Recently, we
have constructed a chemistry laboratory, which is isolated with
a 50-cm concrete shield from the target room, just behind the
focal plane of GARIS. In the future, this kind of experiment
will be conducted under improved background conditions,

In the conventional gas-jet system in that the beam passes in
the target chamber, the gas-jet efficiency decreases due to the
increasing plasma induced by the beam. As an example, we
measured the gas-jet efficiencies of '™W produced in the
"“Gd(*Ne, xn) reaction without the beam separation by
GARIS." Tt was found that the gas-jet efficiency of "™W dras-
tically decreases from 40% at 6.6 pnA to 25% at 0.5 ppA. In
Figure 5, the gas-jet transport efficiencies of **No are shown
as a function of the helium flow rate. In this work, the high
gas-jet efficiencies of about 75% were achieved even at > |
pHA owing to the plasma-free condition. Tt is also found in
Figure 5 that the gas-jel efficiencies are independent of the
helium flow rate, i.e., the inner pressure of the gas-jet chamber,
though a slight decreasing trend is seen. The recoil ranges of
**No in helium at 38-90 kPa are calculated to be 16.0-6.6
mm, respectively, using the LISE++ code.™ These recoil
ranges are short enough as compared with the depth of the gas-
jet chamber (60 mm). In our previous study,” the high gas-jet
efficiencies of over 80% were obtained both for ***Fr and
Em. The recoil ranges of **Fr and **Fm in helium at 90 kPa
were 30 and 18 mm, respectively. In the conventional gas-jet
system, where a beam dump is placed in the bottom of the
chamber, the gas is swept out through the capillary outlet to the
vertical direction of the beam axis. Therefore, the position of
the capillary outlet in the chamber should be exactly adjusted
to the recoil ranges of the product nuclei to obtain their highest
gas-jet yields. In the present system, the beam is separated
with GARIS and hence we can put the capillary outlet in the
bottom of the chamber (see Figure Ic). Thus, the gas is fed
into the chamber through the four inlets directed to the surface
of the Mylar window and is swept out thoroughly from the bot-
tom of the chamber. This helium flow path in the gas-jet
chamber would be advantageous 1o the range-independent gas-
jet efficiencies, Tt is finally pointed out that the highest effi-
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ciency of **No is achieved at the lowest chamber pressure of
38 kPa. This enables us 1o safely handle the thinner Mylar
windows of < 1 ym thickness that should be required for SHE
nuclides such as **'Rf and ***Db produced in the **Cm(™0,
5n)*'Rf and **Cm(""F, 5n)***Db reactions, respectively.

4. Summary

We have successfully produced ***No in the hot fusion reac-
tion of **U(**Ne, 5n)***No using the gas-jet transport system
coupled to GARIS. The a particles of ***No separated with
GARIS and transported by the gas-jet were clearly observed
with a rotating wheel apparatus for o spectrometry. The high
gas-jet efficiencies of about 75% were obtained at the beam
intensities of over | ppA, and they were independent of the
recoil ranges of ***No in the gas-jet chamber. These results
suggest that the GARIS/gas-jet system is promising to explore
new frontiers in SHE chemistry: (i) the background radioactivi-
ties originating from unwanted reaction products are strongly
suppressed, (ii) the intense primary heavy-ion beam is absent
in the gas-jet chamber and hence the high gas-jet efficiency is
achieved, and (iii) the beam-free condition also makes it possi-
ble 1o investigate new chemical systems that were nol accessi-
ble before. TIn the next phase, we plan to investigate the
production of SHE nuclides with long half-lives for chemical
experiments such as *'Rf, **'Db, ***Sg, and **Hs based on the
#4Cm target.
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