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Measurement of the charge-transfer rate of F&*-ion coefficients with H, and N,
at electron-volt energy
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The charge-transfer rate coefficients of Fanith H, and N, are measured by using a laser-ablation ion
source and a quadrupotadio-frequencyion trap with the mean collision energy of about 5.1 eV. The rate
coefficients for F&" with H, at the equivalent temperature X70° K and Fé* with N, at 1.3 10" K are
1.64(0.22)x 10 cm® s~ ! and 4.36(0.46% 10 ° cm® s~ ¢, respectively. The measured values are of the same
order as the Langevin rate coefficient.
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. INTRODUCTION of Ti*" with Ar and N, [14], we measured the charge-
transfer rate coefficients of Fé (average energy of about
The process related to multiple-charge ions is one of th&.1 eV) with H, and N,. Our experiment has been performed
fundamental atomic processes in both astrophysical anih a quadrupole rf ion trap, the low-energy Fehas been
laboratory plasmagl]. The multiply charged iron ions are of created and then confined in the trap by a laser ablation com-
considerable interest, since they exist practically in evenbined with the technique of crossed-beam cooling for ions.
astrophysical object as well as in fusion plasma. It has found
that aK, emission from a multicharged iron ion is most
likely the origin of x-ray emission from the central region of
the Galaxy[2]. The cross sections for theS33P° 2P, Our experimental apparatus is the same as the one utilized
—35?3P° 2P),, transition in F&* have been measured via a in our previous work 14,15 and consists of a quadrupole rf
14.0 GHz electron-cyclotron resonance ion souf@. ion trap with a minimum radius of the ring electrodg
Distorted-wave calculations have also been carried out forr0.99 cm, and the minimum separation between two end-
single ionization cross sections ofFein all charged states cap electrodes=1.4 cm. The trapping parameters fre-
[4]. Several electron-capture cross-section measurements fgpency f=1.1 MHz, the amplitude rf voltageVc

Il. EXPERIMENTAL PROCEDURE

ionization of F&%ions (g=1 [5], 2 [5,6], 3-4 [5], 5-6, 9, =.176 V) of the qpadrupole rf ion trap are Chosen to opti-
[5,7], 11,13[8], 15[8,9]) by electron impact have been per- mize the storage times of Eeions. The axial potential-well
formed as well. depth is D,=(eVac2/4mz0?)=17 V [16]. The arrange-

However, most of these previous works have focused oment of the apparatus, the method of laser-ablation, and
collision energies of the KeV order while the collisions with crossed-beam cooling for creating low-energy multicharged
energies of the electron-voleV) order play an important ions are similar to those demonstrated in R&1]. Two solid
role in some processes such as collisions involving multiplycast-iron (99.9% purity targets are held in the equatorial
charged even high-Z metallic impuriti€se, Mo, W, T) in  plane of the ring electrode and at equally fixed distances
fusion plasmd10]. These impurities could be produced and from its center. We have compared cast irons with pure irons
released from materials of the wall limiters and reactor ofand found thatast-irontargets give a more stable ion signal
some fusion apparatus in which the charge-transfer proce¢ban pure-iron targets. The second harm@B&2 nm output
between those ions and neutral atoms or molecules cruciallgf a pulsed Nd: YAG lasefpower ~5 mJ with a pulse du-
affect the charge- and excitation-state distribution and radiaration of ~7 ns) is used as the ablation source and split by
tion losses. Little attention has been paid to the electron cap 50:50 dielectric-coated beam splitter. The pulse power den-
ture of multiply charged ions and neutral species particularlysity is estimated to be greater thanx10° W cm 2. The
at electron-volt energies and low charge states which artwo pulsed laser beams are collimated and passed through
pronounced at or near the edges of fusion apparatuses. Resles in the ring electrodes to strike the target surfaces. Each
cently, Kwong introduced a novel technique that is particu-beam is focused by convex lens with focal length of 50 cm.
larly suitable for dealing with the collisions in this low- The ablation plasma beams enter the trap through holes and
energy range[11]. With the help of this technique, the intersect each other at right angles at the center of the ion
charge-transfer rate coefficients betweeR"WMo®*, and  trap. A few ions in one beam undergo collisions with ions
Ar have been studied in a cylindrical radio frequencf)  from the other beam. And some of the scattered ions remain
trap [12,13. Based upon our experiment of charge transferinside the trap for lose almost all their kinetic energy, while

others leave the trap for approximately double theirs. Plenty
of FE* as well as other charge-state ions, such as

*E-mail address: klgao@wipm.ac.cn Cc?* (m/q=6), C' (m/q=12), G (miq=24),

1050-2947/2003/62)/0227024)/$20.00 67 022702-1 ©2003 The American Physical Society



GAO et al PHYSICAL REVIEW A 67, 022702 (2003
e (a)
e
S w H, Pressure
o c -7
< ] (10" torr)
= g = 098
2 < e 203
2 ) 4 3.08
R (2]
p S v 4.20
.% € 5.18
® ©
c
c (o))
o ‘»
[
o

T 7T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800 2000

o

0 20 40 60 80

Mass to charge ratio (M/q) Time (ms) (b)
FIG. 1. Mass spectrum of produced ions by laser ablation of the ;g : FeS++H2----products
cast-iron targets(a) Full spectrum.(b) Selective storage of Bé 20 ]
ions. The ion signals ita) and(b) are not on the same scale. 18 J K=1.64(0.22) X1 0-1ocm3s-1
Ty 16
F&" (m/q=28), G (m/q=36), C,” (m/q=48), and § 1-‘2".
Fe" (m/q=56) are produced and confined in the tf@s £ 1:03
shown in Fig. 1a)]. Operating near the cross points 8§ T o8]
=landB,=0 (Vpc=176 V, Vpc=16.9 V) in the first sta- 06
bility region of the rf trap, F&" ions are selected. Other ions 0.4 1
are excluded from the trap, because their orbits are outsidc 92 ]
the stable region of the trap. These selecteti"Fens are 2 g ' ; ' 2' ' é ' L'l ' é ' &

stored by setting the dc voltay&, to zero[as shown in Fig.
1(b)]. The timing diagram for production, trapping, and de-
tection of the ions is shown in Fig. 2. Changing the axial
instability by increasing the rf voltage applied to the ring
electrode along th@,=0 line, the ions are extracted from
the trap axially and ejected through a hole in the center of arAecay rate vs klpressure. The slope of the straight line fit gives the
endcap electrode to the surface of a channel electron mUItEharge-transfer rate coefficient.
plier (CEM) quite near the endcap electrode. With an appro-
priate rf voltage scanning rateorresponding to a mass scan- ghift up 4 eV, 4.4 eV, 4.8 eV from the ground-state energy
ning rate of about 2000 amy/sve can obtain the best mass [17]. Feé* jons can be in a variety of excited electronic
resolution ofM/dM=6 at 12 amu. states immediately after they are produced by laser ablation.
~ The ground-state energy of Fewith the electron con-  The excited states are rapidly cascaded to the ground and
figuration °(°Sy) is 30.64 eV. There are some low-lying |ow-lying metastable states through allowed transitions and
metastable statesd3“G, 3d°“P, 3d°“D, whose energies collisional deexcitations by the plasma electrons. Using the
density and temperature of the laser-induced plgdr@h the
I—l ratio of the metastable-state to the ground-state population of
Fe*" could be crudely estimated to be small. The population
ratio will decrease further due to plasma expands and cross-
beam cooling. When we began the measuremerBQ ms
late after the ions were produced and selectively trappkd
population ratio drops beyond the observable limit of the
current facility. From the observation of a single exponential
decay curve of the Pé ion signals in Figs. &) and 4a), we
affirmed that the F& ions produced by laser ablation and
stored in our trap are essentially in ground state.
A_/\ The experimental procedure is summarized as follows.
Y ty The whole vacuum chamber is connected to a JBY—100 ion
pump to maintain its ultrahigh vacuulithe residual back-
FIG. 2. Timing diagram for ion trap and laser ablation. The ground pressure is less thaxx 10 torr). Ultrahigh purity
voltages ofV,c andVpc are selected for mass-selective storage offeactant gase€99.99% H, and N, enter into the vacuum
the FE™ ions. The delay time from the end of the selective-storagechamber through a gas handling system. The reservoir sys-
operation to the beginning of the analytical scan can be varied. tem is first evaluated to 10 torr though a molecular pump

H, Pressure (107 torr)
FIG. 3. (a) The decay of relative ion numbers offevs storage

time in different H pressures. The solid lines are the least-square
fits to a single exponential functiorib) Variations of the F&"
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(a) energiey which gives us confidence in our next experiment
- on Fe* ions.
= The Fé* ions and other ion species are created by laser
-l N, Pressure ablation and are cooled by crossed-beam collisions. The
g (10'7 torr) Fe* ions are selectively stored in the trap by the method
= = 098 mentioned above, and are then extracted from the trap by
i e 203 scanning the rf voltage at a delay timet 6t (tq refers to the
C . .. . h
3] A 308 initial delay time, about 50 ms in our measuremeelated
£ 4.0 to the end of the period of selective confinement. Subse-
= v 4 . :
c 518 quently, these ions are collected by the CEM using the nega-
2 ' tive potential(about— 2600 V in the experimentsapplied to
5 the surface of the CEM. The signals from the CEM are am-

————TT plified by a narrow-bande®C preamplifier and transferred
0 100 200 300 400 500 600 700 800 900 10001100 by a fastAD/DA converter, and are recorded by a computer
for a later analysis. The charge-transfer rates are determined
by measuring the related number of ions stored in the trap as
a function of the delay timé after their production under
different gaseous pressures. The storage time is scanned from
the initial delay timet, with a fixed incremen#t after each
measurement until the ion signal intensity has dropped to one
tenth of that at the initial delay time. More than ten such time
delay points are used to obtain the data for the analysis. To
minimize both the short-term and the long-term ion signal
fluctuations and drifts caused by the random changes of laser
power and the gradual change of the surface conditions of
the target, for each delay time, more than ten data points are
1 collected. Then we repeat such measurements by varying the
0 — T T T storage time in the opposite direction. The procedure is then
0 1 2 3 4 5 6 repeated for a number of different gaseous pressures. The
N2 Press(10'7torr) averfage_of these_ data in_ gach_time delay gives th_e mean
relative ion density remaining in the trap. To obtain the
charge-transfer rate coefficients, we measure the decay rates
©f the stored ions at five different,tbr N, pressures.

6‘_ Fe3++N2---- products

K=4.36(0.46) x 10 cm3s!

FIG. 4. (a) The decay of relative ion numbers of Hevs storage
time in different N, pressures. The solid lines are least-square fits t
a single exponential functiotib) Variations of the F&" decay rate
vs N, pressure. The slope of the straight line fit gives the charge- IIl. RESULTS AND DISCUSSION

transfer rate coefficient. ) ) )
Figure 3 is a plot of the reaction ¥e+H,— products.

and then washed with 2Qorr of the neutral gas. This pro- Figure 3a shows the decay of the relative Feintensity at
cess is repeated at least five times to minimize contaminatiofive different H, pressures. The solid line is a least-square fit
of the neutral gas. A variable leak valyabout 107 torr) to the data by a single exponential decay function in a natural
controlled the flow rate of the neutral gas. A calibrated nuddogarithmic scale. Referring td (t)/1 (to)]=e ", its slope
ionization gauge inside the chamber near the trap assembly i¢7 gives the charge-transfer rate at a givep ptessure.
used to measure the gas pressure. Figure 3b) plots the charge-transfer rate betweer Fions
The system is tested and calibrated by measuring thaend H as a function of H pressures. The solid lines repre-
charge-transfer rate coefficient of 2N with N,, since this sent the least-squares fit to a linear function of the experi-
work has been done with a similar ion storage techniquemental data. The charge-transfer rate coefficieist derived
Church etal. have obtained the rate 2.8(0.6) from the slope of the ion decay raterMersus the gas den-
x10"° cm®s ! (2—3 eV) by means of electron bombard- sity p,, i.e., 1/=p,k+A,, whereA, is the interaction rate
ment of N, in a conventional Penning trdd9]. Fang and of FE" with the residual gas in the vacuum chamber. For
Kwong obtained the rate 2.10(0.2810 ° cm®s ! (2.7 eV) Fe* ions and H the rate coefficient obtained is
by a laser ablation of solid target Ti[20] in a cylindrical rf ~ 1.64(0.22)< 10" ° cm®s 1. In the same way, Fig. 4 shows
Paul trap and 1.73(0.18)10 ° cm®s ! [11] and 2.0(0.2) the results of reaction Bé+N,— products. The rate coef-
x10° cm®s ! (2.7 eV) [20] by electron bombardment of ficient FE€* ions with N, is 4.36(0.46)< 10 ° cm®s™1. The
N,, respectively. In Paul trap by electron bombardment ofuncertainties of the results is mainly due to the statistical
N,, we have obtained the charge-transfer rate coefficient offuctuation of
1.75(0.33%x 10 ° cm®s ™! (2.7 e\). This result is of the the ion signalgtypically about 8.6% and the uncertainty in
same order as the Langevin rate coefficient of 2.6the estimation of the target gas dengity% for H, and 6%
x10 ° cm®s ! and agrees with earlier measuremefitee  for N,).
small difference originates from the different mean collision The mean collision energy of the stored3Feions is
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about 5.1 eV which is approximately one tenth of the potentrons capture from reaction molecular gas are energetically
tial well [21,27], the kickout probability of an elastic colli- possible. For example,

sion with reactant gas at room temperat(@®4 e\j is very

small compared to the axial potential-well depth, and hence FSt 4 H { FE'+H,"+AE(AE<15.2 eV} }

this loss process could be ignored in the analysis. This mean 2= ,

energy corresponds roughly to a thermal distribution with the F&'+H+H" +AE(AE<125 eV)
ion temperature of about 4010* K. Because the neutral
reactant gas is at room temperat80 K), an equivalent
temperature of F& ions with corresponding reaction gas .
can be obtained fromTeqy,/m=Tre/Mee+ Tyas/Myas, ETN F&"+N," +AE(AE<15.07 eV @
wheremg, andmg, are the ion mass and reactant gas mass, 2 F&™+N+N*+AE(AE<6.31 eV)|’
respectivelyu is the reduced mass of Feand the reactant

gas(i.e., H, or N,), Tge and Ty, are the temperatures of ion Fé* +N,—Fe" +2N* +AE(AE<8.0 eV)

and neutral reactant gas, respectively. FoY'Fens and H, '

the estimated equivalent temperature is aboutx1®® K \yhereAE is the maximum kinetic energy shared by the ion
and that of F&" with N, is about 1.3 10" K. From these pajrs in their ground states. Since we have not measured the
data we derive the mean relative velocity between th& Fe product ion signal for different channels in the experiment,
and the reactant gas,Hor N, to be 4.2<10° cm/s and 3.8  the values we gave are the total charge-transfer rate coeffi-
X 10> cm/s, respectively. cients of all possible reaction channels.

Up to now, no theoretical results or other experimental
data have been available at this energy range for charge
transfer of F&" with neutral atoms or molecules. We have
compared the measured results with Langevin cross sections We acknowledge valuable discussions with Professor X.
[23]. The static average electric dipole polarizability fos H Zhu, Mr. C. Lee, X. Peng, Dr. M. Yan, and thank Dr. G. P.
and N, is 0.804<10 ?*cm® and 1.74 10 ?* cm?, respec- Barwood, Professor Y. Wu, and Dr. Fiona Newman for
tively [24]. The corresponding Langevin charge-transfer coproofreading the manuscript. The instructive assistance on
efficients for Fé"+H, can be estimated to be 8.4 laser and vacuum by Mr. H. Jia., Mr. Y. Zhu, and Y. Li are
X107 cmPs™! and Fé"+N, is 1.1x10 °cmPs !  also greatly appreciated. This work was supported by the
These values are of the same order as our measurements.National Natural Science Foundation of China under Grant

The reaction channels with both single and double elecNo. 19804015.

Fet+H,Fe" +2H" +AE(AE<15.08 eVl, (1)
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