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Measurement of the charge-transfer rate of Fe3¿-ion coefficients with H2 and N2
at electron-volt energy
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The charge-transfer rate coefficients of Fe31 with H2 and N2 are measured by using a laser-ablation ion
source and a quadrupoleradio-frequencyion trap with the mean collision energy of about 5.1 eV. The rate
coefficients for Fe31 with H2 at the equivalent temperature 1.73103 K and Fe31 with N2 at 1.33104 K are
1.64(0.22)310210 cm3 s21 and 4.36(0.46)31029 cm3 s21, respectively. The measured values are of the same
order as the Langevin rate coefficient.
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I. INTRODUCTION

The process related to multiple-charge ions is one of
fundamental atomic processes in both astrophysical
laboratory plasmas@1#. The multiply charged iron ions are o
considerable interest, since they exist practically in ev
astrophysical object as well as in fusion plasma. It has fo
that a Ka emission from a multicharged iron ion is mo
likely the origin of x-ray emission from the central region
the Galaxy @2#. The cross sections for the 3S2 3P5 2P3/2

0

23S2 3P5 2P1/2
0 transition in Fe91 have been measured via

14.0 GHz electron-cyclotron resonance ion source@3#.
Distorted-wave calculations have also been carried out
single ionization cross sections of Feq1 in all charged states
@4#. Several electron-capture cross-section measurement
ionization of Feq1ions (q51 @5#, 2 @5,6#, 3-4 @5#, 5-6, 9,
@5,7#, 11,13@8#, 15 @8,9#! by electron impact have been pe
formed as well.

However, most of these previous works have focused
collision energies of the KeV order while the collisions wi
energies of the electron-volt~eV! order play an importan
role in some processes such as collisions involving multi
charged even high-Z metallic impurities~Fe, Mo, W, Ti! in
fusion plasma@10#. These impurities could be produced a
released from materials of the wall limiters and reactor
some fusion apparatus in which the charge-transfer pro
between those ions and neutral atoms or molecules cruc
affect the charge- and excitation-state distribution and ra
tion losses. Little attention has been paid to the electron c
ture of multiply charged ions and neutral species particula
at electron-volt energies and low charge states which
pronounced at or near the edges of fusion apparatuses
cently, Kwong introduced a novel technique that is partic
larly suitable for dealing with the collisions in this low
energy range@11#. With the help of this technique, th
charge-transfer rate coefficients between W21, Mo61, and
Ar have been studied in a cylindrical radio frequency~rf!
trap @12,13#. Based upon our experiment of charge trans
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of Ti41 with Ar and N2 @14#, we measured the charge
transfer rate coefficients of Fe31 ~average energy of abou
5.1 eV! with H2 and N2. Our experiment has been performe
in a quadrupole rf ion trap, the low-energy Fe31 has been
created and then confined in the trap by a laser ablation c
bined with the technique of crossed-beam cooling for ion

II. EXPERIMENTAL PROCEDURE

Our experimental apparatus is the same as the one util
in our previous work@14,15# and consists of a quadrupole
ion trap with a minimum radius of the ring electroder 0
50.99 cm, and the minimum separation between two e
cap electrodes 2z051.4 cm. The trapping parameters~rf fre-
quency f 51.1 MHz, the amplitude rf voltageVAC
5176 V) of the quadrupole rf ion trap are chosen to op
mize the storage times of Fe31 ions. The axial potential-well
depth is Dz5(eVAC

2/4mz0
2V2)517 V @16#. The arrange-

ment of the apparatus, the method of laser-ablation,
crossed-beam cooling for creating low-energy multicharg
ions are similar to those demonstrated in Ref.@11#. Two solid
cast-iron ~99.9% purity! targets are held in the equatori
plane of the ring electrode and at equally fixed distan
from its center. We have compared cast irons with pure ir
and found thatcast-irontargets give a more stable ion sign
than pure-iron targets. The second harmonic~532 nm! output
of a pulsed Nd: YAG laser~power;5 mJ with a pulse du-
ration of ;7 ns) is used as the ablation source and split
a 50:50 dielectric-coated beam splitter. The pulse power d
sity is estimated to be greater than 13109 W cm22. The
two pulsed laser beams are collimated and passed thro
holes in the ring electrodes to strike the target surfaces. E
beam is focused by convex lens with focal length of 50 c
The ablation plasma beams enter the trap through holes
intersect each other at right angles at the center of the
trap. A few ions in one beam undergo collisions with io
from the other beam. And some of the scattered ions rem
inside the trap for lose almost all their kinetic energy, wh
others leave the trap for approximately double theirs. Ple
of Fe31 as well as other charge-state ions, such
C21 (m/q56), C1 (m/q512), C2

1 (m/q524),
©2003 The American Physical Society02-1



s
si

e
ia
g

f a
ul
ro
n-
s

g

gy
ic
ion.
and
nd

the

n of
ion
oss-

he
tial

d

ws.
ion

sys-

th

he
o
g

.

are

he

GAO et al. PHYSICAL REVIEW A 67, 022702 ~2003!
Fe21 (m/q528), C3
1 (m/q536), C4

1 (m/q548), and
Fe1 (m/q556) are produced and confined in the trap@as
shown in Fig. 1~a!#. Operating near the cross points ofbz
51 andb r50 (VAC5176 V, VDC516.9 V) in the first sta-
bility region of the rf trap, Fe31 ions are selected. Other ion
are excluded from the trap, because their orbits are out
the stable region of the trap. These selected Fe31 ions are
stored by setting the dc voltageVDC to zero@as shown in Fig.
1~b!#. The timing diagram for production, trapping, and d
tection of the ions is shown in Fig. 2. Changing the ax
instability by increasing the rf voltage applied to the rin
electrode along theaz50 line, the ions are extracted from
the trap axially and ejected through a hole in the center o
endcap electrode to the surface of a channel electron m
plier ~CEM! quite near the endcap electrode. With an app
priate rf voltage scanning rate~corresponding to a mass sca
ning rate of about 2000 amu/s!, we can obtain the best mas
resolution ofM /dM>6 at 12 amu.

The ground-state energy of Fe31 with the electron con-
figuration 3d5(6S5/2) is 30.64 eV. There are some low-lyin
metastable states 3d5 4G, 3d5 4P, 3d5 4D, whose energies

FIG. 1. Mass spectrum of produced ions by laser ablation of
cast-iron targets~a! Full spectrum.~b! Selective storage of Fe31

ions. The ion signals in~a! and ~b! are not on the same scale.

FIG. 2. Timing diagram for ion trap and laser ablation. T
voltages ofVAC andVDC are selected for mass-selective storage
the Fe31 ions. The delay time from the end of the selective-stora
operation to the beginning of the analytical scan can be varied
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shift up 4 eV, 4.4 eV, 4.8 eV from the ground-state ener
@17#. Fe31 ions can be in a variety of excited electron
states immediately after they are produced by laser ablat
The excited states are rapidly cascaded to the ground
low-lying metastable states through allowed transitions a
collisional deexcitations by the plasma electrons. Using
density and temperature of the laser-induced plasma@18#, the
ratio of the metastable-state to the ground-state populatio
Fe31 could be crudely estimated to be small. The populat
ratio will decrease further due to plasma expands and cr
beam cooling. When we began the measurement (.50 ms
late after the ions were produced and selectively trapped!, the
population ratio drops beyond the observable limit of t
current facility. From the observation of a single exponen
decay curve of the Fe31 ion signals in Figs. 3~a! and 4~a!, we
affirmed that the Fe31 ions produced by laser ablation an
stored in our trap are essentially in ground state.

The experimental procedure is summarized as follo
The whole vacuum chamber is connected to a JBY—100
pump to maintain its ultrahigh vacuum~the residual back-
ground pressure is less than 131029 torr). Ultrahigh purity
reactant gases~99.99%! H2 and N2 enter into the vacuum
chamber through a gas handling system. The reservoir
tem is first evaluated to 1027 torr though a molecular pump

e

f
e

FIG. 3. ~a! The decay of relative ion numbers of Fe31 vs storage
time in different H2 pressures. The solid lines are the least-squ
fits to a single exponential function.~b! Variations of the Fe31

decay rate vs H2 pressure. The slope of the straight line fit gives t
charge-transfer rate coefficient.
2-2
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and then washed with 103 torr of the neutral gas. This pro
cess is repeated at least five times to minimize contamina
of the neutral gas. A variable leak valve~about 1027 torr)
controlled the flow rate of the neutral gas. A calibrated nu
ionization gauge inside the chamber near the trap assemb
used to measure the gas pressure.

The system is tested and calibrated by measuring
charge-transfer rate coefficient of N21 with N2, since this
work has been done with a similar ion storage techniq
Church et al. have obtained the rate 2.8(0.6
31029 cm3 s21 (223 eV) by means of electron bombard
ment of N2 in a conventional Penning trap@19#. Fang and
Kwong obtained the rate 2.10(0.18)31029 cm3 s21 ~2.7 eV!
by a laser ablation of solid target TiN@20# in a cylindrical rf
Paul trap and 1.73(0.18)31029 cm3 s21 @11# and 2.0(0.2)
31029 cm3 s21 ~2.7 eV! @20# by electron bombardment o
N2, respectively. In Paul trap by electron bombardment
N2, we have obtained the charge-transfer rate coefficien
1.75(0.33)31029 cm3 s21 ~2.7 eV!. This result is of the
same order as the Langevin rate coefficient of
31029 cm3 s21 and agrees with earlier measurements~the
small difference originates from the different mean collisi

FIG. 4. ~a! The decay of relative ion numbers of Fe31 vs storage
time in different N2 pressures. The solid lines are least-square fit
a single exponential function.~b! Variations of the Fe31 decay rate
vs N2 pressure. The slope of the straight line fit gives the char
transfer rate coefficient.
02270
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energies!, which gives us confidence in our next experime
on Fe31 ions.

The Fe31 ions and other ion species are created by la
ablation and are cooled by crossed-beam collisions.
Fe31 ions are selectively stored in the trap by the meth
mentioned above, and are then extracted from the trap
scanning the rf voltage at a delay timet01dt (t0 refers to the
initial delay time, about 50 ms in our measurement! related
to the end of the period of selective confinement. Sub
quently, these ions are collected by the CEM using the ne
tive potential~about22600 V in the experiments! applied to
the surface of the CEM. The signals from the CEM are a
plified by a narrow-bandedDC preamplifier and transferred
by a fastAD/DA converter, and are recorded by a compu
for a later analysis. The charge-transfer rates are determ
by measuring the related number of ions stored in the tra
a function of the delay timet after their production unde
different gaseous pressures. The storage time is scanned
the initial delay timet0 with a fixed incrementdt after each
measurement until the ion signal intensity has dropped to
tenth of that at the initial delay time. More than ten such tim
delay points are used to obtain the data for the analysis
minimize both the short-term and the long-term ion sign
fluctuations and drifts caused by the random changes of l
power and the gradual change of the surface condition
the target, for each delay time, more than ten data points
collected. Then we repeat such measurements by varying
storage time in the opposite direction. The procedure is t
repeated for a number of different gaseous pressures.
average of these data in each time delay gives the m
relative ion density remaining in the trap. To obtain t
charge-transfer rate coefficients, we measure the decay
of the stored ions at five different H2 or N2 pressures.

III. RESULTS AND DISCUSSION

Figure 3 is a plot of the reaction Fe311H2→ products.
Figure 3~a! shows the decay of the relative Fe31 intensity at
five different H2 pressures. The solid line is a least-square
to the data by a single exponential decay function in a nat
logarithmic scale. Referring to@ I (t)/I (t0)#5e21/t, its slope
1/t gives the charge-transfer rate at a given H2 pressure.
Figure 3~b! plots the charge-transfer rate between Fe31 ions
and H2 as a function of H2 pressures. The solid lines repre
sent the least-squares fit to a linear function of the exp
mental data. The charge-transfer rate coefficientk is derived
from the slope of the ion decay rate 1/t versus the gas den
sity r r , i.e., 1/t5r rk1Db , whereDb is the interaction rate
of Fe31 with the residual gas in the vacuum chamber. F
Fe31 ions and H2 the rate coefficient obtained i
1.64(0.22)310210 cm3 s21. In the same way, Fig. 4 show
the results of reaction Fe311N2→ products. The rate coef
ficient Fe31 ions with N2 is 4.36(0.46)31029 cm3 s21. The
uncertainties of the results is mainly due to the statisti
fluctuation of
the ion signals~typically about 8.6%! and the uncertainty in
the estimation of the target gas density~10% for H2 and 6%
for N2).

The mean collision energy of the stored Fe31 ions is

o

-

2-3
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about 5.1 eV which is approximately one tenth of the pot
tial well @21,22#, the kickout probability of an elastic colli
sion with reactant gas at room temperature~0.04 eV! is very
small compared to the axial potential-well depth, and he
this loss process could be ignored in the analysis. This m
energy corresponds roughly to a thermal distribution with
ion temperature of about 4.03104 K. Because the neutra
reactant gas is at room temperature~300 K!, an equivalent
temperature of Fe31 ions with corresponding reaction ga
can be obtained fromTequiv /m5TFe /mFe1Tgas/mgas,
wheremFe andmgas are the ion mass and reactant gas ma
respectively,m is the reduced mass of Fe31 and the reactan
gas~i.e., H2 or N2), TFe andTgas are the temperatures of io
and neutral reactant gas, respectively. For Fe31 ions and H2,
the estimated equivalent temperature is about 1.73103 K
and that of Fe31 with N2 is about 1.33104 K. From these
data we derive the mean relative velocity between the F31

and the reactant gas H2 or N2 to be 4.23105 cm/s and 3.8
3105 cm/s, respectively.

Up to now, no theoretical results or other experimen
data have been available at this energy range for ch
transfer of Fe31 with neutral atoms or molecules. We hav
compared the measured results with Langevin cross sec
@23#. The static average electric dipole polarizability for H2
and N2 is 0.804310224 cm3 and 1.74310224 cm3, respec-
tively @24#. The corresponding Langevin charge-transfer
efficients for Fe311H2 can be estimated to be 8.
310210 cm3 s21 and Fe311N2 is 1.131029 cm3 s21.
These values are of the same order as our measuremen

The reaction channels with both single and double e
i,

.C
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.

.
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trons capture from reaction molecular gas are energetic
possible. For example,

Fe311 H2→H Fe211H2
11DE~DE<15.2 eV!

Fe211H1H11DE~DE<12.5 eV!
J ,

Fe311H2→Fe112H11DE~DE<15.08 eV!, ~1!

Fe311N2→H Fe211N2
11DE~DE<15.07 eV!

Fe211N1N11DE~DE<6.31 eV!
J , ~2!

Fe311N2→Fe112N11DE~DE<8.0 eV!,

whereDE is the maximum kinetic energy shared by the i
pairs in their ground states. Since we have not measured
product ion signal for different channels in the experime
the values we gave are the total charge-transfer rate co
cients of all possible reaction channels.
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