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We present a study of the production of metastable negative ions by cesium sputter sources. We report
measurements of relatively intenee0.5 nA) beams of N~ and CO, two ions with extremely low(<—2.3
eV) electron affinities, and show that they form metastable negative ions with comparatively long lifetimes.
Surprisingly, the current of N' is comparable in intensity to N, a molecular negative ion with a binding
energy of 2.8 eV. The existence of metastabje Nas a twofold significance. First,Nmay play an important
role in atmospheric chemistry. Second, Ns an excellent test of calculations on many-body systems involv-
ing electron-correlation effects. We verified the identification of the ions discussed in this paper using the
techniques of accelerator mass spectrometry and Coulomb-explosion imaging. Using an in-beam decay tech-
nigue, we determined lower bounds for the lifetimes of the most stable states pfO0, and CQ™: 180
+30, 140 25, and 17630 us, respectively. We also report intensities of Bend beryllium cluster negative
ions, Bg,~, for n=2-6.[S1050-294{@9)07205-4

PACS numbeps): 79.20.Rf, 36.40.Wa, 41.75.Cn, 39.1Q.

[. INTRODUCTION ions are spin stabilized. For molecular ions, additional fac-
tors may also contribute to stability. Conformational stabili-
The known metastable negative ions are built on excitedation (Franck-Condon effegtcan be significant when a
states of neutral atoms, i.e., excitations of core electronsjegative ion differs in shape or size from the neutral mol-
where the negative ion is stabilized because its direct decagcule. When spatial differences are significant, the overlap of
to the ground state is forbidden. Usually the neutral excitedhe wave functions of the ion and molecule is small, thereby
state on which the negative ion is built lies several eV aboveeducing the chance of vertical autoionizatiore., loss of
the ground state. As examples, consider He in which thelectron without motion of the atomic nucleCO,™ is a case
(1s'2sh)3S state lies 19.8193 eV above $3'S° ground in point: CO,™ is bent, but CQis linear. Differences in bond
state, and Be where the §22s'2p?) 3PP state lies 2.7253 eV lengths in N and N,~ may help to stabilize N'. Molecules
[1-3] above the ($%2s%)'SC state. The negative ion is only also have many more modes over which to partition energy
weakly bound with respect to the excited stdte™ is bound than do atoms—dividing excitation energy over these addi-
by 77.518:0.011meV (theoretical and 77.516 tional modes can contribute to the stability of a negative ion,
+0.006 meV (experimental [4], Be™ is bound by 289.10 often by helping to get rid of excess energy produced during
+1.0meV (theoretical [5], and 290.99 0.10 meV|[6] (ex-  electron attachment to the molecule.
perimental]. For He and Be, the negative ions are con- Metastable negative ions are produced customarily by
structed by adding an electron with parallel spin to the tripletcharge exchange, in part because it is generally believed that
state of the core-excited neutral to forms{2s'2p’)*P% in  metastable negative ions are formed only weakly in sputter
the case of He, and (1s°2s'2p?)“*P in the case of Be.  sources. But the evidence supporting this belief is weak.
The spin-stabilized quartet state cannot decay easily to th@nly one published paper compares the currents of a meta-
ground state. The usual decay mode is by relativistic Coustable negative ion produced in a sputter source to the cur-
lomb excitation[7,8]. The lifetimes of these quartet negative rents achievable through charge exchange. Although Kut-
ions are typically in the range of 18s, which is much scheraet al.[9] reported that He currents from sputter
longer than the lifetimes of the negative ions built on thesources are several orders of magnitude less than from
ground state of the neutral atom. Corresponding groundeharge exchange, the poor yield of Hieom the source used
state-based negative ions for these atoms have lifetimes dyy Kutschereet al. may have an alternative explanation. To
the order of the vibrational period, 16°—~10'°s. Concep- produce He, they sprayed helium gas onto a titanium sur-
tually, one imagines making metastable negative ions in twdace, with the idea that the high chemical reactivity of tita-
steps: In the first step, a neutral atom in the ground state isium would allow it to getter the He long enough that the He
excited by a few(2—30 eV to produce a triplet neutral atom; could be sputtered by incident Cs ions. The approach yields
and in the second, an electron with parallel spin is attachegrolific currents for comparatively reactive gases such as hy-
to form the metastable quartet state. drogen and oxygen, but the alternative explanation for the
Although the constructional details of all metastable ionslow yield of He™ is that the noble nature of helium prevents
are not identical, it is probably a fair guess that all metastablét from sticking long enough to the surface to be efficiently
sputtered by the Cs.
In high-intensity cesium-sputter sourcgld,11], particu-
*Electronic address: jklein@dept.physics.upenn.edu larly those with spherical ionizefd 2,13, the CS beam is
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FIG. 1. Modified ion-source test facility and
electrostatic analyzer used to make many of the
measurements reported here. With narrow slits
(~=0.25 mn) the resolution of the magnetic
analyzer Am/m) is about one in 300, and that of
the electrostatic analyzeAE/E) about one in
100. The output of the low-gain electron multi-
plier is connected to a logarithmic amplifier
(1074-10*2A) that in turn drives a chart re-
/ corder. The boxed figure shows a schematic of

the apparatus that was added to measure lifetimes
of metastable ions.
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extremely well focused, and rapidly forms a cavity in the negative-ion formation region~10" ' Torr), and less neu-
sputter target that is small in diameter but deep. As the cavityralization on account of collisions. Atomic and molecular
deepens, an intense and exceedingly small ball of plasmaegative ion currents vary widely depending on the electron
frequently forms, the appearance of which usually coincidesffinity of the sputter target and the physical properties af-
with the maximum output of negative ions. The plasma confecting sputtering. In favorable cases currents in excess of
sists of a mixture of atoms and ions of cesium and the target00 wA are common, while in less favorable cases currents
material. For many substances, this plasma is the primarjnay be as low as 10 nA.

source of negative ions. Sputtered atoms and molecules in The electrostatic analyzéESA), which consists of two
various states of excitation traverse the plasma several timdkt parallel metal plates that produce a uniform electric field,
before escaping as a neutral atom or being forcibly removefas a resolution oAE/E~1/100 with the entrance and exit
as a negative ion by the extraction electric field. Comparaslits at+0.25 mm. The analyzer is located after the magnet
tively long confinement times in the plasma may make sput{S€€ Fig. 1 and a gridded aperture in its back plate allows
ter sources competitive with charge-exchange sources iiPnS 10 pass through it and into a Faraday cup when the

forming metastable negative ions. Recognition of this possi_electric field in the analyzer is off. With the field on, ions are
bility motivated the present study. deflected through 90°, and exit the analyzer through a second

slit in the grounded front plate into an electron multiplier.
The electron multiplier was chosen for ruggedness, and can
measure incident currents up to L@ with a gain of up to

The investigations we report were usually initiated on ourl000. The current from the multiplier is read by a Keithley
modified ion-source test facility and completed on our FN2600 loga-
tandem accelerator. The test facility is essentially a moder-
ately high-resolution AM/M~1/300) mass spectrometer
that consists of a high-intensity source with a spherical ion-
izer, a double-focusing 30-cm-radius 90° magnet, and a 90°
electrostatic analyzer—see Fig. 1.

The high-intensity cesium-sputter source is similar to that
described in Refd.12, 13. Figure 2 shows the main compo-
nents of the source: a liquid-cooled cathode that can be
changed without breaking the vacuum, a spherical molybde-
num ionizer that operates at a temperature~dfl00 °C, a
cesium spray system that also serves as an electrode th:
helps to optimize the focus of the €sons on the cathode, f
and an extract electrode. Measurements were made with the  Alumina Tnsulator EIZ -
cathode at a negative potential of 38 kV, the ionizer at 30 g \\
kV, and the extract electrode at ground potential. The current Support Leg ()
between the ionizer and the cathode was typically 4—5 mA—
about 1 mA due to Csions and the remainder to electrons.  FIG. 2. Latest version of our high-intensity ion source as used to
The open structure of this source compared with that used imake the measurements reported here. Basically identical sources
the earlier high-intensity sources that employed a helical ionare used on the ion-source test facility and on the tandem accelera-
izer [10,11] results in appreciably improved vacuum in the tor.

II. EXPERIMENTAL PROCEDURE
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rithmic meter covering the range 1&-10“#A. Currents as
low as 10'°A can be measured, and currents as low as Be Metal
10 '8 A detected. Spectra are recorded on a chart recorder. %8e0

A major difficulty in mass spectrometry is resolving iso- 10°r ety | og,
baric ambiguities. For example, a resolutickhM/M) of at
least one in 1dis required to distinguish betweé&fSi~ and
1N, ~; if there is a large disparity in intensities, a resolution
of 10* or larger may be necessary. A tandem accelerator, i
particularly one instrumented for accelerator mass spectrom-
etry (AMS), provides an alternative means of isobaric iden-
tification since it provides a means of eliminating all molecu- 1012 ‘ Il
lar interferences and identifying th& of all atomic ions. , J , ‘ ‘
Recently, we used our tandem and AMS beam line to posi- 10 20 30 40 50
. . . . .. Mass [amu]
tively identify doubly-negative carbon clusters consisting of
seven or more atonfd 4], and, even more recentjL5], to FIG. 3. Typical spectrum from a cathode prepared from high-
identify the molecular dianions BgF and MgR®~. These  purity beryllium metal. The identities of many of the peaks were
and closely related techniques were used to identify and corverified by acceleration through our FN tandem. Note &t is
firm the existence of the anions reported here. formed with remarkable intensitigee the table in the textn spite

of its being a metastable ion.

9BeC %Be,0
1y 2 %Be0,
*Be,

El
Be,0, e,

10®

Multiplier Current [A]
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ll. EXPERIMENTAL RESULTS sources was due to low chemical reactivity and short resi-
dence time on the cathode and not because sputter sources
have difficulty forming metastable ions.

The ground-state negative ion of beryllium is unbound, A beryllium cathode was prepared by pressing a 6-mm-
but a metastable negative ion first observed by Bethge, Hediameter piece of high-purity beryllium metal rod into one
nicke, and Baumanii16] and theoretically investigated by our standard copper cathodes. The first measurements with
Weiss in 196817], can be built from an excited triplet of the this cathode were made on our test facility, and Fig. 3 shows
neutral atom formed by promoting asZlectron to a »  a typical spectrum. The relative intensities in Fig. 3 are ap-
orbital. Although this excited state lies 2.728.007 eV[3]  proximate, because the response of the electron multiplier is
above the ground state; it is nearly stable to electromagnetiSomewhat nonlinear for molecular ions, where the simulta-
decay, because decay to the ground state requires a spin fligous arrival of several atoms can cause saturation of the
as well as change in angular momentum of one unit. Iltslynodes. Not only iSBe™ evident in the spectrum, but it is
decay mode is by relativistic autoionization. The negativealso accompanied by several homonuclear cluster ions, the
ion is made by adding another electron with parallel spin tomost intense being the trimer.
the 2p orbital, so the configuration of the negative ion is A second identical cathode was studied using the tandem
(1s?2s2p?)*P. This state has been measured recently to lignjector and the identities of the uncertain peaks were
290.99+0.10 meV[6] (in reasonable agreement with the ear-checked by acceleration. Unlike the test facility where the
lier two measuremen{s3,18]) below the triplet excited state, beam is highly collimated by very narrow slits, the apertures
and hence is bound. Recent calculatioffs| yielding  and slits on the injector are no smaller than required for good
289.10- 1.0 meV for the binding energy are in very good transmission, so that the negative-ion currents measured in
agreement with this measured value, though earlier calculghe low-energy Faraday cup are much more meaningful.
tions have yielded a range of values from #9010 to 285 Table | lists the intensities of the first six homonuclear poly-
meV [17,19,20. Much progress has been made recently oratomic ions of beryllium. As is evident from the table, the
measuring the lifetime of Be A long-lived, fine-structure, metastable atomic anion is reasonably intense, and its yield
component of the'P state with a lifetime of 455 us was  is comparable to that of many metals with electron affinities
reported by Ballinget al. [21] based on a storage-ring ex- in the range 0.1-0.25 eV forming stable anions. We con-
periment. Identification of this state with tHftP5, compo-  clude that Be™ is definitely metastable with a lifetime 180
nent is based on theory, and its long lifetime is attributed tous, while Bg™ is either stable or has a lifetime of500 us.
the destructive interference of the direct relativistic and rela-
tivistically induced Coulomb detachmef22]. In a subse- B. Nitrogen dimer (N,")

guent measurement using resonant two-photon detachment Th tive | it t . There |
combined with resonant-ionization detection of the neutral € negative 1ons of nitrogen present an enigma. there 1s

atoms, Andersoret al. [23] measured the lifetimes of the a wealth of theoreticdll9,26,27 and experimental evidence
a ! 4 [27-31], that, while often conflicting, generally concurs that
P12(0.73t0.08us) and “Ps(0.33+0.06us) levels.

These latest measurements are in good agreement with the o N o .

latest theoretical predictiorfig4], even though they are about TABLE |. Relative intensities of the negative ions of beryllium

two orders of magnitude shorter than previous calculation§!USters:

[22,25.
The beryllium metastable negative ion is nearly an exact

analog of He, and consequently seemed a good ion to test- (uA) 0.45 0.67 29 0.19 0.025 0.029

our hypothesis that the poor yield of Hefrom sputter

A. Beryllium (Be,”)

lon Be™ Be,” Bey™ Be,” Bes™ Beg™
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T (1) Using a cathode containing roughly equal parts of
101 o o Ti™*Nin Ti Ti N and Ti'®>N, we analyzed beams dfN3* and 1°N3*
e e while injecting negative ions of mass 28, 29, and 30. The 3
°c Ti+ TiH charge state was chosen to ensure that the measured beams
0% c, No”?,z Ny were atomic and not molecular. Above charge state 2
L n i nearly all molecular ions are unstaljlgg], and are conse-
oN, quently destroyed in the stripper. Thus, while analyzing
14N3*, the only significant interfering beam #€Si®* which
— differs sufficiently in mass to be resolved by the high-energy

AN magnet. The strongest support for the existence of fkom
1 L du this set of measurements was the equality of " and
| . q. . y_o . an
10 20 30 20 50 5N3* beams when mass 29 ions were injedietplying that

Mass [amu] the injected ion at mass 29 wa¥\ 1°N ™).
FIG. 4. A spectrum measured with the system shown in Fig. 1 (2 SWHChmgF}oﬁ gas Cathodg, we show that. the mea-

with a titanium metal cathode containing titanium nitride tampedSured curr_ent oFN™" was proportlona!6£o the partial pres-
into a 2-mm-diameter hole. Of particular interest are the peaks agure of N in the source, and that tHeSI®” current actually

mass 28 and 42, that were established to be due in parftahd _ecreasec_i as the pressu_r_e ch iNcreased. These observa-
Ny~ ions (see text tions confirmed the identification of the analyzed beams of

2855+ and 1“N3* (which were not in doubt in the first place

] o since these beams peak at terminal voltages that are different
N~ is unstable in its ground state. However, a metastablgy —g kv at 6 MV).

negative-ion with a lifetime much shorter thanus (<200 (3) Using a technique we developed to study molecular
ns is currently the best estimaf@8]) probably exists. In-  gianjons[14], we show that the beam &fN3* ions analyzed
deed, it is the instability of N that enables the widespread \ynen injecting negative ions with mass 28 into the accelera-
use of tandem accelerators for radiocarbon dating. Mass&yr actually consists of pairs of nitrogen ions, and, when
[32], in his well-known monograph on negative ions, pre-jnjecting mass 42, triplets of ions. These measurements were
sents compelling theoretical arguments that the dimerisl - made with an ionization detector capable of determining the
also unstable in its ground state, despite the earlier evidenc@]ergy and nuclear chargg) of single ions. In addition to
from low-energy electron-scattering dafa3] and subse- peing able to determine the multiplicity of the incoming ions,
quent studies that showed evidence of a stighgugh broad e were able to verify that the detected ions 1Zad7 and
and presumably short liveédesonance between 1.8 and 3.8 4, energy of 21 MeV, as expected f¥N3".
eV, which could very well imply the existence of a meta-  (4) we used the Coulomb-explosion technique to image
stable state. Expgrime_ntal evidence supporting the instabilityhe molecules accelerated to the terminal of the tandem. The
of N,~ was obtained in Refi31]. Scheller, Compton, and jmages were dominated by diatomic homonuclear molecules
Cederbauni34], in a recent review article, reported an elec-\yhen the injection magnet was set to mass 28. We observed
tron affinity of about—2.6 eV (that is presumably based on g few tracks made by atoms of highthat we believe are
the low-energy scattering datahe N;~ trimer ion was first 285~ jons that were not completely eliminated by the
observed in Ref[35], and its electron affinity first measured negative-ion injectorwhere the mass resolution is about
directly in Ref.[36] using an ion cyclotron resonance spec-1/30(). The Coulomb-explosion images rule out larger mol-
trometer. From photodetachment measurements, the |att@&ules(containing more than two atomas the source of the
authors determined the electron affinity o Nto be 2.70 o nitrogen ions we observe if8) above. The plastic de-
+0.12eV. More recent measurements by lllenbergfeal.  tector would have detected protons had they been present,
[37] now place this value at 2.7260.04 eV. eliminating the possibility of hydride contamination in the
injected beam.

(5) Using the ion-source test facility, we measured the

In this section we present evidence from five experimentdifetime of N,~ to be 180G-30us, suggestingl) that N, is
that independently prove the existence of NFor any less metastable, an?) that its lifetime is amply long enough to
contentious ion, any one of these results on its own would@ermit its acceleration through the tandem.
have been proof enough. Taken in sum, we believe that they . .
provide incontrovertible evidence for the existence gf N 2. Experimental details o

To provide a perspective of the evidence we adduce for (8) ldentification of N. We began investigating N
the existence of N, we first summarize the results of our USINg our ion-source test facility with a cathode made by
measurements and then subsequently provide the experimePAcking titanium nitride (T#N) into a 1.6-mm-diameter
tal details. Initial spectra obtained using the ion-source tespole in a titanium metal cathode. Figure 4 shows a typical
facility with a cathode of Ti*N showed peaks at masses 28 spectrum. As expected, moderately intense peaks were ob-
and 42(see Fig. 4that we suspected were,Nand Ny~, but ~ served of “NH™ and CN, and a peak at mass 30 was
a lack of sufficient resolution prevented us from ruling outtentatively identified as*N *°*0~. The peak at mass 14 is a
28gi~, 12C,H,”, ¥C,H,, etc. as the cause of the peak atcombination of'*CH,” and **CH™ and not'*N~. Peaks of
mass 28, or®SiN~ or another molecular ion other thanyN  nearly equal intensity were observed at masses 28 and 42, at
at mass 42. To establish the identities of these peaks, wibe positions expected fo¥*N,” and N;~, respectively.
made a series of measurements on the tandem acceleratoiHowever, even though we determined that the peak at mass

10-10 L

Multiplier Current [A]
m
2]

1. Experimental results
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FIG. 5. Layout of the FN tandem accelerator. Negative ions produced in the Cs sputter source, on the right-hand side of the figure, are
mass analyzed before injection into the accelerator. The negative ions are accelerated to the central terminal of the tandem, where the gas
and/or foil stripper converts them to positive ions. The positive ions are then accelerated back to ground potential. The total energy of the
positive ion isnVy+m*/m™(V;+Vg), whereV; is the terminal voltagé2—10 MV), Vg is the source voltagé88 kV), m* is the mass of
the positive ionatom), m~ is the mass of the negative i¢émoleculg, andn is the charge state of the positive ion. The positive ions are mass
and energy analyzed by the combination of magnets and lenses comprising the high-energy transport system. The positive ions for this
experiment were detected in the “analyzing magnet cup,” the “detector cup,” or the “multianode detector.” For most measurements,
neither velocity selector was employed. Only during the identification and elimination &tNfg and*60%" peaks observed while injecting
mass 30 ions was the velocity selector immediately following the accelerator used. lon species at various locations while accglerating N
are shown.

28 was a doublet, we could not ascertain how much of théhe intense electrostatic repulsion between atomic ions that
peak was due t6®Si~, a common contaminant and a prolific occurs when the atomic fragments produced by breaking mo-
negative ion, and how much to,N At mass 42, we were lecular bonds are ionized before the fragments have time to
unable to resolve N from 28SiN~ or CNO". move very far apart. In a foil strippdwith a typical thick-
Because of the interference caused by silicon, a cathodeess of only~150 A), stripping of atomic electrons occurs
was prepared containing almost equal parts of'Niand  when the atoms are about one angstrom apart and the Cou-
Ti °N.! The powders were thoroughly mixed and com-lomb repulsion between the positively charged atomic frag-
pressed into a hole in a titanium cathode, as previously dements is large enough to seriously deteriorate the optics of
scribed. The cathode was introduced into the tandem’s highthe high-energy beam. Because of the lower density and
intensity Cs sputter sour¢essentially identical to the source longer length(typically ~1 m long of a gas stripper, the
on the ion-source test facility The sample was sputtered breaking of the molecular bonds and the ionization of the
with 8-keV Cs" ions, and the source was operated with anatomic fragments are normally well separated spatially, so
extraction voltage of 30 KeV, producing ions with a total the atomic fragments have time to drift apart before they
energy of 38 keV. These ions were mass analyzed by thbecome significantly charged. Use of a gas stripper results in
tandem’s 90°, double-focusing, 30-cm-radius, injection magmuch higher transmission and smaller beam stypically
net(see Fig. 5. The object slits and the image aperture of the<1-mm diameter for positive ions at the high-energy end of
magnet were set ta0.25 mm(except when the object slits our acceleratgrwhen negative molecular ions are injected.
were closed essentially to zero to attenuate the beam, s&¥ith the terminal at 6-MV 20.915-MeV*N®" ions, 21.123-
below). Under these conditions, mass 29 negative ions wer&leV °N3* ions, and 42.038-Me\*°Si®" ions were succes-
selected with a mass resolutiondff AM =300 and injected sively analyzed by readjusting the NMR-controlled high-
into the accelerator. We made a series of measurements aeaergy magnet, adjustable with a precision~df ppm. The
constant terminal voltage of 6 MV, and used a gas stripper tanalyzed currents ofN3" and **N®* were 165 and 155 pA
reduce the Coulomb explosion that occurs when acceleratin@lectrica), respectively, but a slight adjustment of the high-
molecular ions. “Coulomb explosion” is the term given to energy quadrupole lens increased " current to 164
pA—confirming that the currents were essentially equal as
they should be if they originated froMN °N~. The 29Si®*
The Ti5N was prepared by heating titanium powder on a mo-current was 740 pA. We estimate that with a cathode con-

lybdenum substrate in BN atmosphere. Conversion is readily vis- taining 100% Ti**N the N, current would be about 1 nA
ible since the reaction is highly exothermic. (165 pAxX 2 7/3, where the factor of 2 is because the cath-
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ode we used contained about 50%M; the factor of 7 30 b 30—t
comes from the transmission through the accelerator, abou ..
15% and the factor of one-third because we measured thez,; | s
current of 3+ ions). CI F

This measurement provides strong evidence for the exis—§ ~
tence of relatively long-lived¥10us) N, ions. The life- i “oill
time estimate is based on the tifre12 us) it takes for an i “N
ion to travel from the ion source to the base of the accelerator 0]
(a drift length of~6 m) and from there to the terminéten- .
ter) of the tandenjust over 5 m through a potential gradient ) ~—2 %N
at 6 MV of ~1.2 MV/m), where it is converted from a nega- "
tive ion to a positive ion. 10

To confirm the identification of N ions, we employed
the method used earlier to identify,€ ions[14]. We in- & e P &
jected mass 28 and 30 ions into the tandem and used ou Eroa[MeV] EroalMeV]
multianode ionization detectB9] to look for coincidences
of two ¥N3" or two °N®" ions, respectively.

Energy AE, [MeV]
cmm
¥a

Counts
—
Counts

10°

FIG. 6. Lower-left-hand figure shows an energy spectrum of

We used G4N- to set up the high-eneray transport svs- 21MeV 1“N3* jons measured in our multianode ionization detector.
P 9 9y P YS” The most intense peak at about 18 MeV correspond$*Ng*

tem (§ee Fig. 3 The two magne.tlc dipole&a 900’ double- singles arising form the dissociation of,Nions in a gas stripper,
focusing, 1-m-radius magnet with a resolution /AM  \hile that at 36 MeV corresponds to twdN3* ions arriving in
~1600, and a smaller “switching” magnet that deflects coincidence from the dissociation of a single Non. The peak at
through 457 and two magnetic quadrupoles were adjusted taabout 34 MeV is due td%Si*, that has the samm/q as “N3*.
transport 21.019-MeV*N®" ions into a Faraday cup imme- The figure immediately above is the completely consistent energy
diately in front of the detector. The terminal voltage, as in-10ss vs energy spectrum. The spectra on the right are the analogous
dicated by our precision generating voltmeter, was 5.934esults obtained with a cathode containing®¥i In each figure the
MV. Then we attenuated the beam using a 5% transmissiofiata were collected in 1 min.
plate before the accelerator and by closing the source-magnet
object slits until they were essentially touching to achieve ax'N3* is due t0?2Si®"; its slightly lower energy is caused
count rate in the detector ef1 kHz. The beam was admitted by its greater energy loss in the detector's 2&§ent mylar
into the detector to provide a calibration for tkeand AE ~ window. The greater rate of energy loss of #i8i in the gas
signals characteristic of 21.019-Me¥N®" ions. Once cali- is apparent in th\E versusE spectrum.
brated, the negative-ion magnet was adjusted to inject mass The observation of 1092 coincidences compared with
28 ions, and the terminal voltage was adjusted to 6.000 M\14 294 singles greatly exceeds the chance number of coinci-
to provide N3* ions (from N,”) with precisely the same dences~4; the live time was 0.94 mjnand provides con-
magnetic rigidity as those from £N~. Increasing the ter- clusive evidence for the existence of Nmolecules. Further
minal voltage by 6 k\(the mass of Nis greater than that of support for their existence comes from a quantitative analy-
283j by about one in 1Y) greatly increased the count rate of sis of the spectrum. The ratio of singles to coincidences
285i5* (to over 1 kH2. Optimizing the?®Si®* allowed us to  should be 2(1—P):P2, whereP is the probability of ion-
check the terminal voltage setting and optimize the setting oizing a nitrogen fragment formed during the breakup of a
the negative-ion inflection magnéhis magnet can only be N, ion to the 3+ charge state and subsequently transporting
set with a precision of- 10 #). By gating a rate meter on the it to the detectofi.e., the transmissionCalculatingP from
N3+ singles, it was possible to then optimize tH®3"  the data in Fig. 6 yields 0.132, in excellent agreement with
rate. With the injection magnet and terminal optimized, thethe measured transmission YN3* ions from CN™ of 13%.
count rate of?8Si®* was less than 1.5 Hz, while the rate of  Similar measurements were made with the same cathode
N3 was ~200 Hz. Electronic pile-up rejection was used, (containing approximately equal parts of fiN and Ti*®N)
but the 1*N®* count rate was maintained around 200 Hz, sowhile injecting mass 30 negative ions. Sinti and N,
that pile-up would be negligible. differ in mass by only one in 70 we were not able to re-
The left side of Fig. 6 shows an energy spectrum, andolve N, from 3°Si~ in the injector or'>N®* from 3°Si®*
above it aAE versusk spectrum obtained while injecting in the high-energy beam optics. There was no difficulty in
negative ions with a mass of 28 amu. The lowest-energylistinguishing®°Si from >N or 2 '*N in the ionization de-
peak corresponds t4¥N>" singles, while the peak at twice tector, and as only-3% of Si is °Si, the count rate of°Si
the energy, labeled 2N3*, results from two'®N®" ions  was less than one count per second. The results obtained
arriving simultaneously. The coincidence peak is produceavhen injecting mass 30 negative ions are shown on the right
when both fragments from a singtéN,™ molecule are ion- in Fig. 6. As in the’N case, there are peaks corresponding
ized to the 3 charge state, and arrive within theus-re-  to ®N°* singles and twofold coincidences. Comparing the
solving time of the detector. As expected, tA€& signal ratio of the singles to coincidences yields a slightly higher,
from the two YN ions is twice that from a singlé*N ion.  but still reasonable, transmission of 15.1%.
The weak peak in the energy spectrum just below the 2 The two weak peaks flanking thex®N3* peak corre-
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180 decreases th&’Si®* current. At the maximum gas-flow rate
i wans+ (o tom) the measurements were extended to 6.056 MV.
160 1 ,ﬂ (b) Eliminating the possibility of other moleculesWe
140 | | l have established that beams at masses 28, 29, and 30 consist
| | 14 (5x1077 torr) of two nitrogen atoms, but how can we be sure that the
= 120 | A‘/ nitrogen ions are not injected as low-energy tails of neigh-
o l | boring hydride peaks, i~? We argue against this possibil-
g 100 | | \‘ ity on two grounds(1) During coincidence measurements, it
= ,' | 28Sit+ (107 torr) was necessary to close the entrance slits to less tad
QO 80 ; \1 l mm and the exit aperture t©60.25 mm(the input and output
§ ,[ ‘ slits of the high-energy positive-ion magnet wete).38
% 60 mm) to attenuate the negative-ion beam injected into the
g 40 ? 1IN%+ (107 torr) accelerator, so that the count rate at the ionization detector
) o was reduced to a reasonable level. Under these circum-
20 NoH = NoH =N stances, the injector resolution was better than one in 300,
l and the suppression of mass 29 at mass 28 wh&. Since
0 % VOGN JOUUIUOPE PR the strength of the pH™ beam at mass 29 was onty4 pA,
8 its strength at mass 28 would be40 fA, which is much
= ‘ , smaller than the observed current, 500 pA. Confirmation of
20 10 0 10 20 30 40 50 60 the suppression of the low-energy tail of the mass 29 peak
Terminal Voltage Offset [kV] was obtained by continuously tuning the injection magnet

between mass 28 and mass 29, and observing the count rate

FIG. 7. Analyzed™N*" current measured at 2-kV intervals, 1453+ :
while the terminal voltage was raised from 5.990 to 6.060 MV. The ZI/ e:N m o?eroé)o:](\)nrfirr?glr; rzit\rpllgr?{] éhge) r;v:g nrtr(]a?isfriﬁF g)n 8
measurements were made with a titanium cathode and various flow,
rates of nitrogen: the three curves correspond to zero {lowse btamed using the gas cathode. If the nitrogens we observed
vacuum 107 Torr), intermediate flow (5 10~ 7 Torr), and optimal ~ Were injected as pH™, then we would expect their count
flow (106 Torr). Note that the?®Si®* is resolved from théN3*  rate to peak at a terminal voltage of 6.030 MV, not 6.000
peak, although their separation is only 6 kV. No peak was observe¥/IV. Recall that the high-energy transport is set for mass
at 6.030 MV, where one might be expected ifHN ions were  14.003 ions in the 3 charge state with 21.019 MeV. Since
being injected into the tandem. N,H™ travels to the terminal with mass 29, the terminal volt-

age would have to be increased by(14/28+3)/(14/29

spond to*%0%* and*N®" that are injected a¥N °0~ along  +3)=0.5% to producé*N*" ions with the same energy as
with other mass 30 negative ions. Neither positive ion hashose produced from N (mass=28). It is clear from Fig.
the rightm/q to pass through the high-energy transport sys-8(a) that there is no peak at 6.030 MV when the injector is
tem, and they are therefore rigidity-selected portions of @set to inject mass 28. Figurél8 shows the results obtained
white spectrum caused by charge-changing reactions in the@hen the negative-ion magnet is switched to inject ions with
accelerator. When the velocity select@ee Fig. 5 at the  mass 29. The peaks at 6.000 and 6.006 MV disappear, but
high-energy end of the accelerator was switched on and a@xtremely weak peaks at 6.027 MV*#(3*) and 6.033 MV
justed to pass®N®* and otherm/q=5 ions, these peaks (?8Si®") are visible. The peak at 6.027 MV is partly due to
were completely eliminated. the injection of ““N'>N~ (nitrogen contains 0.37%%N), and

To verify further that the observed peaks were producegartly to **N,H™ ions. The ?8Si®" peak is evidence for a
by nitrogen, the solid cathode was replaced with a gas cattweak beam ofSiH™; it cannot be?’Si~ because?*Si®*
ode similar to the one developed for measurifig on the  would peak at a lower voltagé.799 MV).
tandem using C@gas[13], and the source was supplied with  Figure 8 also provides evidence that the terminal voltage
N, gas. Two gettering materials were tried, tantalum andmeter is calibrated correctly, and that the resolution of the
titanium; the latter produced much higher currents. With thehigh-energy transport system is as stated earlier. Fig{@e 8
entrance and exit slits of the injector opened#8.0 mm  shows that the count rate 8fSi®" peaks at a terminal volt-
(the positive-ion magnet’s image and object slits were left akge 6 kV higher thad*N®*. This is as it should be: the/q
+0.38 mm), macroscopid“N3* currents could be measured of 2Si®* is one part in 18 lower than them/q of N3*, and
in the high-energy Faraday cup. Figure 7 shows the resultie high-energy magnets select a constdi/q?. Further-
obtained by scanning the terminal voltage in 2-kV steps fronmore, the Si and N peaks are resolved at full width at tenth
5.990 to 6.010 MV at various nitrogen-flow rates rangingmaximum. This resolution is consistent with the stated reso-
from zero to the one providing the maximum currgat lution of 1/1600 full width at half maximum.
range of pressures in the ion source of 1010 °Torn). There is another means by which heavier molecular ions
The maximumN3* current was 180 pA, which correspnds could be injected at mass 28, namely, molecular dissociation
to a N, current of almost 0.5 nA assuming the same transbetween the ion source and injection magnet. For example,
mission as measured with CNons (13%). Increasing the consider NH,  ions dissociating into pH™ and H. A
flow rate of nitrogen gas increases th#°" current but  N,H™ ion formed in this way would have the same magnetic
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FIG. 8. (a) N3 and?8si®* count rates in the gas ionization detector as the terminal voltage was raised in 5-kV intervals from 5.980 to
6.040 MV, and with the negative-ion injector set for mass 28. The solid(Viiith circles is the*N3" count rate, which peaks at a terminal
voltage of 6.000 MV. The broken lin@vith squaresis the?8Si®" count rate measured simultaneously. F#&i®" count rate peaks at 6.006
MV because its mass is one part in*I@naller than that of N'. The N3 and?8Si®* peaks, separated by 6 kV, are clearly resolved. No
peak is observed at 6.030 MV arising from the injection of a nitrogen-containing molecule of mass 29. Therefore, neither tHalsail of
or NoH,”—N,H™—N3" is responsible for the coincidences attributed to the break ug®.a ion into two N3 ions. (b) Similar curves
while injecting mass 29 ions. Note the weHi®* peak at 6.030 MV due either to the injection YNN~ or to 1*N,H™. At a slightly
higher energy, a wea®Si®" peak is observed that presumably arises from the injecticiQH" ions.

rigidity as a normal ion(i.e., coming from the cathoglef mentation, the imaging is done in the central terminal of the
mass 28.03, and therefore would be injected along with thaccelerator. After accelerating the ions through 7.5
mass 28 ions. But once again, such &N fragment would  increased the terminal voltage to reduce multiple scattering;
travel to the terminal with mass 29, and the argument usegee beloy, the molecules pass through a J@tcn? thick
above would apply—its count rate would peak in the detec{~50 A) carbon foil, where the molecular bonds are broken
tor at a terminal voltage of 6.030 MV, not the observedand the atomic fragments ionized. The atomic ions are al-
6.000 MV. The terminal voltage argument can be used tqgyed to “Coulomb explode” for a distance 0840 um
eliminate all molecular ions tha_t do not have mass 28. Sincﬁefore they are detected in a sheet of 0.25-mm-thick poly-
the detector proves that these ions are made up of two NitrQsy honate plastitmanufactured to be especially sensitive to

gen atoms, there is only one other option other than to accepf, formation(Fig. 9). About a dozen Coulomb explosion

that N, exists. . .,gﬁlms” were prepared; each was mounted on one of our

: I . tandard stripper-foil frames. The tandem was opened, and

that the'*N®" ions we observe are injected into the accelera- PP : . . pen
. . . the frames were loaded into the stripper-foil carosalich

tor either as a tail of a nearby molecular ion, or through th as a capacity of 60 strioper-foil frames: each frame holds

breakup of a larger molecule between the ion source a:\ﬁ_‘ ‘ '|pf y total pp_t £180 f lsi,h terminal

injection magnet. The only other way two nitrogens could be Ireed0| S dorha 0 adcapaC| yo ; O(jj € Ermma Wasl h

injected at mass 28 would be as part of a dianion of twice th&'0S€d, an the tandem repressurized. In the carousel, the

mass, i.e., 56 amu. While such a possibility seems remotellms” could be lowered into and raised out of the
considering the rarity of double-negative ions, possible canf€gative-ion beam, and the carousel could be used to change

didates might be ¥~ and GN,H,2. The data presented from one “film” to another while the tandem was operating.
already rule out the first possibility. If &~ were the source Optimal “exposures” were determined using the ion cham-
of the ¥*N3* we observe when injecting negative ions with ber. Clearly the ion chamber measures the count rate of
mass/charge ratios equal to 28, we would have seen in addi-N*" ions, but for the CEI measurements the arrival rate of
tion to double coincidences, triple=200), and quadruple N~ ions at the terminal was needed. As pointed out earlier,
(~10) coincidences. None were seen. In principle, we couldor molecules containing two or more identical atoms, the
have eliminated the possibility of other dianions by lookingratio of the count rate in the singles peak to the rate in the
for the atomic ions that would be produced at the terminacoincidence peak can be used to determine charge-state di-
during their breakup, in the case of the example cited, carboMision probabilities and the transmission through the accel-
and/or hydrogen. However, to be exhaustive, we would havérator. Dividing the count rate at the ionization detector by
had to look for at least six ionéhydrogen through carbon, the calculated probability of an ion reaching the detector
but not helium, or more counting their various isotopic gave just the quantity needed. The beam was attenuated
forms. A simpler approach in principléhough not necessar- based on this calculation so that an exposuré s gave a

ily in practice was to exploit another method that we used to

study carbon dianions. The technique is called Coulomb ex-

plosion imaging(CEl) [40,41], and it provides a means of 2pM 355 was obtained from Pershaw Moulding Ltd., Trading Es-
imaging the atoms that make up a molecule. In our imple+ate, Pershore, Worcestershire, England.
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homonuclear clusters, not by triatomic or four-atom clusters,
/famfggl thus ruling out double-negative ions as the source of the two
= P " nitrogen ions we detect.

PM355— |/ 77~

Ni Mesh
70 LPI
90% trans

(c) Lifetime measurementWe obtained a lower bound
for the lifetime of the longest-lived state of,N using our
ion-source test facility after modifying it as shown in the
inset of Fig. 1. To test the performance of this arrangement,
we measured the lifetime of the longest-lived state of Be

and obtained reasonable agreement with the accepted value
(see below. Unfortunately, it is more difficult to measure the
lifetimes of molecular ions than it is to measure the lifetimes
of atomic ions. Molecular ions are usualignd probably
always in a sputter sourg@roduced in states of vibrational
FIG. 9. On the left is one of the 60 foil holders that are loadedgnd rotational excitation that reduce the effective binding

in a carousel in the terminal of the tandem. The holder shown haénergies and probablghough not necessarilyhe lifetimes
been modified by milling a recess to accommodate a 14-mm squar, . .
of 0.25-mm-thick plastic track detector. Glued to the other side ofgf the ions. Consequently, the decay rate we determined was

the holder to support a jg/cn? carbon foil is a piece of nickel Undoubtedly measured on some ensemble of excited states.
mesh (70 lines per inch with a transmission of 90%Details of Also, we did not produce the ions in a well-defined elec-
construction are shown in the enlarged section on the right. tronic spin state, and it is known that hyperfine states can
have very different lifetime$21,23,43. Since we did not
total of 1000 events, which over an area of 43 figives an watch the decay of the ions through time, we could not check
areal density of~25 events/mrh whether the number of N ions decreased exponentially
After removal from the tandem, the track-sensitive plasticwith time as is required for the concept of “lifetime” to be
was developed in 6N NaOH for 30 min at 65 °C. The plasticstrictly valid. Therefore, the decay rate we measured could
was examined under a transmission microscope at<400 have been fed by many states with different lifetimes. Fi-
magnification, and photographs were taken using Kodakally, we did not determine the decay mode of the negative
Tmax film. A representative photomicrograytvith scale ion. We detected the decay by looking for the production of
and labels addéds shown in Figure 10. Twelve N clus- @ neutral; we did not distinguish between autodetachment
ters and a single track due #Si~ can be seen. The plastic and breaking of the molecular bond to produceaxd N-
is sensitive enough to record tracks from H; in general, thdéthe latter would decay immediately to anothe? plus an
diameter of the track increases with increasing nucleag ). All of these considerations imply that our measured

charge. It is clear that the tracks are dominated by diatomiyalue represents a lower limit for lifetime of the most stable
state of N~. So why bother with this limit? First, the ob-

served decay of the N beam verifies that the N ion is
metastable(although there can be little doubt about jhis
. . No - Second, the lower bound that we measure for the lifetime is
o 2 fairly long, more than four times longer than the lifetime of
. Be™, but half as long as the lifetime of Hf42]. The exis-
tence of such a long-lived state of,Nis very surprising in
light of all the theoretical expectations predicting that' Ns

. extremely short-lived. Third, a lifetime in the tens of micro-
secondgor longe) means that the ion exists long enough to
* . do the sort of experiments we have already described, i.e.,
oSi run it through an accelerator.

. . The negative-ion facility was modified by inserting a grid-

2 * ded lens, a drift region, and an electrostatic deflector between
the ESA and the electron multiplier. The ESA was used to
‘ “clean up” the negative-ion beam by removing high-energy

sputter tails and low-energy ions formed by molecular disso-
ciation between the ion source and 90 ° magnet. Closing the
input slits of the deflection magnet t0.25 mm enabled us
to resolve?®Si~ from N, . The ESA also removed ions that
decayed between the magnet and grid of the gridded lens,

placed 84Qum before the plastic. It is noteworthy that if any of the Which was used as the start of the decay region for the nega-
injected mass 28 ions had been, for exampidi*?CH, ", the two ~ tIV€ 10NS. Decay rates were d_eterrr_nned by comparing the
protons would have been clearly visible in addition to the C and NCUrrents in the electron multiplier with the electrostatic de-

tracks. The figure also shows a singfsi ion that is readily distin- ~ flector off and with it on. With the electrostatic deflector off,
guishable by its larger diameter. the electron multiplier measures the negative-ion current

INI

ety
1N s
\\ s
v osss
N oo ~840 um
N s
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FIG. 10. A photomicrograplfone field of view, not a compos-
ite) of 1N tracks produced in polycarbonate plagfM 355 after
the 7.5-MeV N~ ions had passed through auly/cn? carbon foil
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analyzed by the deflection magnet and passing the ESA. But Yo P R P
with the deflector on, the electron multiplier detects only
uncharged atoms created between the grid of the gridded lens 1

and the input of the electrostatic deflectardistance of 0.71 % \|
m or a flight time of 1.93us for N,~, with an energy of 14 E_- 20
keV). e "
We checked the operation of the system by measuring the 5 N2k
lifetime of Be and comparing it with the now well- 2 10+
L

established value of 455 ws[21]. Our procedure witiBe™
was as follows: With the electrostatic deflector off, fie" 1o
current was optimized in the electron multiplier §. The

deflector was switched on, and the “current” of neutral par-
ticles (we assume that the same number of electrons is pro- 10 £
duced when a 14-keV neutral enters the electron multiplier i

as when a negative ion with 14 keV enteps(i®) was mea- o OF 3
sured. The lifetime is calculated from the decay rate. § i L ]
(@] E 3
_Lbh (1) 10' £ 4
=0 : ]
10° |- .
wherel is the distance between the grid of the einzel lens
and the electrostatic deflector, amds the velocity of the 0 20 40 60
ion. For Be we obtained= 40+ 8 us for the autodetachment Erota[MeV]
lifetime. The main uncertainties are the effective length of
the drift region and contributions of other procesgasch as FIG. 11. Lower and upper figures show an energy spectrum and
scattering by residual gas molecylds the neutralization aAE vsE spectrum measured while injectiftN;~ (mass 45ions
rate. The vacuum in the drift region was2 X 10~ Torr. into the tandem. The energy spectrum shows three equally spaced

Assuming that the cross section for neutralization due to colPeaks corresponding to the detection of dft* ion, two *N**

lision is of the order of 10%5cr?. the fraction of ions that ions arriving in coincidence, and thré&\** ions in coincidence;
suffer collision-induced neutralization in the drift region is €¢h fromhthe.dlssocmtl(.)n of asindf; . TheAE vs E spectrum
about 51074, The measured fraction neutralized was SOIrMSs this interpretation.

~2.6x10 2, so that the background due to collision- . . . . e .
induced neutralization is only-2% of the autodetachment f[heoret|cal qalculatlor)sso we anticipated I.|ttle difficulty n
ionts observation. Unfortunately, the three isotopes of silicon

of ions neutralized in the drift region for a number of nega-P'event its detection with a cathode containing a mixture of
five ions known to be stable T%e results fBe— B3c- 98°Ti14\ and TSN, No matter whether masses 42, 43, 44, or 45
160~ and BeO were 5 3<10.*4 5.8<10-% 3 4>’< 1074' are injected, positive identification of3sN from a measure-

and 4.6<10°%, respectively. These experimental rates in-ment of current is always prevented because of one of the six
' ' : P H 28,29,3%;14,1 H i

clude the contributions from all neutralization processes in-Comb'n‘r_"t'or;S ?\f . Si E Sltnge con\éentmnal clurregtth

cluding slit scattering, collision with the grid of the lens, etc. measuring techniques could not be used, we employe €

Using N, gas and a Ti cathode, we set a lower bound forcoincidence measuring method. Injecting mass 42 or 45, evi-

the lifetime of the most stable state obNat 180+ 30us. dence of the existence ofN can be OE’E’“”ed Eysqrb_serving
The residual gas contribution to this rate was about 5%. Thivo and three-fold coincidences ofN** and **N°** ions,

; tively.
measured decay rate was independent of the flow rate, of Nespec L
into the ion source over the tested pressure range of li;ai We chose to use the mass 45 negative-ion beam that con-

X 10 "—1.2x10 ® Torr (measured at the ion soujceorre- 30n$150r1|y the weaker isotopes of silicon and nitrogen
sponding to a current range of 2.5-3.5 (r&ad in the elec- ( 8'15 N3+) P The terminal was adjusted to 5881 MV so that
tron multiplier running with a gain of about 50The contri- the ™N*" ions WOU|d _have the_ same magnetic rigidity as
bution of 23S~ to the Ny~ current was measured by turning those detecte_d in ear_ller experiments, avoiding the need for
off the gas supply to the source. The Si ang Were just any changes in the high-energy beam-transport system.

barely resolvable. The contribution of Si under the peak otthlgure 11 shows typical energy aiE versusE spectra.

the N,~ peak was about 20%. Not correcting for the presenc% te Ics_westfpgaljér;l\lt?f _energt;%/ s.p(tactrun:j_cct)rrespirldst o the
of Si~ would have increased the lower bound for the lifetime ¢ ccHon Of SiNg lons, the Intermediate peak to wo-

by 40% fold coincidences, and the highest peak to threefold events—
' each from the breakup of a singtN;~ ion in the gas strip-

per. As expected, th&E’s of the second and third peaks are

multiples of the first. There is little evidence fSi®" in the

The nitrogen trimer has been observed previously and haspectrum.

an electron affinity of~2.8 eV (see lllenbergeet al.[37] for Assuming that all three peaks arise from the breakup of a

the most recent measurement of the electron affinity of, N single®N;~ molecule, their intensities should be in the ratio

and Zeigler and Gutsdw3] and Kaldor[44] for the state of 3P(1—P)2:3P?(1—P):P3, whereP is the probability of a

C. Nitrogen trimer (N3™)
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5 co,. measured with the system shown
o g 3 j in Fig. 1, but with a titanium gas
2 e co cathode and C@gas(see the inset
= 1oF | sketch of the cathode The pur-
ER pose of the measurement was to
= confirm the existence of COand
1070 CO, . However, the identification
| ‘ of CO™ is difficult because the
isobar?®Si is a particularly prolific
102 \ k \»L U‘ \ k L negative ion.
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single ®N3" ion entering the detector. From the ratio of the its identity was uncertain; in this case we were not sure
counts we calculate 0.088 for the valueRyfi.e., a transmis- Wwhether it was C@ or 2SiO™.
sion of 8.8%. This value is lower than calculated when ac- To assist with the identification of the mass 28 and 44
celerating N7, and is a result of the reduced probability of peaks, the gas cathode was mounted in the tandem’s ion
forming 3+ ions from the lower velocity i ion. source and about 0.5 nA of mass 28 ions were injected. At a
It is difficult to determine accurately the ratio of the terminal voltage of 6 MV and with a tenuous gas stripper
N3 /N,~ currents because of differences in charge-stat€the high-energy vacuum was K30 ©Torr), 0.11 nA of
stripping efficiencies, target composition, etc. But using the'?C2* jons and 0.135 nA of0%" ions were analyzed. If it is
transmissions we calculated from the coincidence measurgrssumed that all of the injected beam was C@hen the
ments and from measurements of currents in the analyzegrznsmissions of the T and G beams were 11% and 9%
beam Faraday cup, we can estimate thg/N,™ ratio i regpectively, well within the range of expectation. The in-
abou_t 1:1—an amazing factor when thg electron affinities ar%acted beam did contain a wedkSi component: 14 pA of
considered+2.8 and—2.6 eV, respectively 2854+ was analyzed. Further confirmation that the injected
B B beam was largely COwas achieved by closing off the GO
D. Carbon (CO™ and CO;,™) gas supply while analyzing th&C?" and *0%* beams. For
In spite of many experimental and theoretical investiga-both ions, the currents fell dramatically, while the analyzed
tions, the existence and stability of C@nd CQ~ remainin  2Si** current increased slightly. Some appreciation of the
doubt. Scheller, Compton, and Cederballd4] reported the low intensity of the CO beam may be had by comparing its
electron affinities of CO and CQo be —2.3 and—0.6 eV, intensity (0.5 nA) with that of *°C™ (1.7 uA) and %0~ (37
respectively. We first attempted to detect these ions on oyrA).
test facility (Fig. 1) using a cathode prepared from a mixture  Similar measurements were made while injecting mass 44
of powdered graphite and high-purity neodymium oxideions, but because of the lower energy at the terminal, we
(Nd,03) tamped into a 2-mm-diameter hole in a standardchose to analyze both carbon and oxygen in theircharge
copper cathode. Similar but superior results were obtainegtates. With 29 nA injected, 6.5 and 13.5 nA6€?* and
later with a titanium plus C@gas cathode and a spectrum, °0?" were analyzed. Assuming all 29 nA is GQ the
measured using the gas cathode is shown in Fig. 12. A setransmission through the accelerator fof*Gind G+ were
tional drawing is shown in the top of the figure of the cath-11.2% and 11.6%, respectively. As with the Cboth ana-
ode designed so that the Cbeam can strike only titanium, lyzed beams fell almost instantaneously to less than 1 nA
particularly in the regions of highest gas density. when the CQ supply was valved off. A brief search for
In addition to the usual intense peaks from carbon af®Si** arising from the injection of®Si*®0~ revealed less
masses 12, 24, and 36 that correspond®® , *°C,”, and than 20 pA. The evidence from these simple current mea-
12c,, respectively, a significantly weaker peak was ob-surements for the existence of C@nd CQ™ is overwhelm-
served at mass 28. On the ion-source test facility there waigg.
no way of determining whether this peak was due®si-, Similar measurements were made to confirm that the mass
CO™, or a combination of both. Stronger peaks were ob-40 peak is due to £0~ and that the mass 45 peak is 0.
served at masses 40 and 45. These peaks were tentativélythe latter case, not only wereCand G analyzed, but
identified as GO~ and CQH™, since both are known to also the protons from the hydrogen.
have positive electron affinities. A comparably intense peak Although the evidence presented in the foregoing conclu-
was also observed at mass 44, but as with the mass 28 peaively confirms the existence of CGnd CQ™, we decided
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FIG. 13. Using coincidence measurements, we were able to confirm the existenceé ah@@Q . On the left are energy and energy
loss vs energy spectra from the acceleration of G@hs. By choosing to analyZ&C3* ions, we were able to simultaneously obseft@**
ions because both have ariq of 4. The peaks with energies f16 and 22 MeV correspond 16C®" and*%0*" ions, respectively, while
the peak at 38 MeV is produced by the simultaneous arrival GE&" ion and an*®0*" ion from the dissociation of a single CQon at
the terminal of the tandem. Note the presence of s&i8&" that also has the samm/q. The AE vs E confirms the identification of the
carbon and oxygen peaks. Measurements were made while injecting mass 49 (@@l spectra are shown on the right. Here we see not
only *2C3* and®0*" single events, but also peaks duet6®* and'°0** arriving in coincidence and tw&O*" in coincidence. A weak
peak is also observed corresponding to a triple coincidence bet¥&&hand two0*" ions.

to supplement it with coincidence measurements similar terrival of 12C3* and®0**, two 1°0** ions, and a2C3* with
those used to identify N and N;. These measurements two 160*" jons, each originating from the dissociation of a
were made with the solid cathode previously described. Begingle G~ molecule. Note that the relative number of co-
cause thel hi?’%h-_energy transport system was still set up fqpcigences were less than in the C@ase because the lower
21-MeV N°®" ions from CN’, we retained the same energy of the CQ" constituents at the terminal reduced the
magnetic-field values and calculated the appropriate term'nfﬂrobabilities of forming & and J* ions.

voltage to produce T ions from CO™ with the same mag- "~ ¢ followed up the measurements on the accelerator with
netic rigidity. We chose to analyze carbon in the 8harge  |itetime measurements on the modified ion-source test facil-
state so that we could simultaneously analyze oxygen ag, The values we obtained are 14@ for CO™ and 170us

O™ (fragments with the samen/q that result from the ¢, 0o - Because the mass difference between CO and Si is
breakup of a molecular negative ion always have the Samgniy 60% of the mass difference between anhd Si, the

magnetic rigidity. Thus we were able to observe CoinCi- ifatime measurements were more difficult than they were for
dences resulting from the dissociation of a single"Q@ol- N,”. Because we were unable to resolve Cfeom 28Si~ or
eCL_Jrlﬁ' left side of Fig. 13 sh 23j0~ from CO,~, the measured ratios of /i® were larger
. 3. € ISI g or Hg. shows an energy ﬁpectrum, ancﬂhan they should have been, causing us to overestimate the
Immediately above it AE versusk spectrum. The tWo Most  giapijity of the negative ion. The difficulties related to mea-
intense peaks in the energy spectrum are duB@3” and  ging the lifetimes of molecular ions tend to make measured
O™ single events, while the next strongest corresponds {ftetimes shorter than the lifetime of the longest-lived state
the simultaneous arrival of both ions. Note that its energysee comments in Sec. IllBQ. Therefore, it is not imme-

and energy loss are equal to the sums of the energies aighie|y clear whether the values we obtained are likely to be
energy losses of thé’C anci+ O fén%lf events. The 15 |ong or too short. As far as we are aware, there are no
weak peak J“Sg t.)7e+I0\_/v thé’C*" and "0 coincidence  |jitetime measurements for CO(due, no doubt, to the fact
peaks is due t3°Si""; its lower energy is due 10 its greater {hat most people have believed that it is impossible to jorm

energy loss in the detector's 25@y/crf mylar window. There is only one previous measurement by Compih of
Similar measurements were made while injecting mass 44 jifetime of CQ™. His result was 98 20 us.

ions into the tandem. The right-hand side of Fig. 13 shows

the resulting energy and energy loss versus energy spectra.
The terminal voltage was chosen such th@®" and *°0**

had the same magnetic rigidity as the ions studied previ- The present work was undertaken to demonstrate that ce-
ously. In addition to the peaks corresponding to the®* sium sputter sources, particularly those outfitted with spheri-

and%0*" singles, we were able to observe the simultaneousal ionizers, can produce moderately intense beams of meta-

IV. DISCUSSION
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stable negative ions. The highly focused'@mams in such times. For some ions, low-energy electron-scattering data
sources create deep, small-diameter, sputter craters that fréan be used to rule out the existence of bound negative-ion
quently contain dense plasma balls. Presumably conditiongtates built on the ground-state atom, while resonances at a
in these plasmas are similar to the conditions in alkali-vapof€W €V are taken as evidence of the formation of metastable

charge-exchange canals. The major difference is that th@egative ions built on excited states. Determining reliably the
fetimes of these states from the scattering data is often dif-

charge-changing collisions in the plasma regions in sputtelgl. it f v it is i ible to determi heth
sources occur at energies of a few eV rather than a few keY/cUll, SO Trequently 1t 1S Impossibie o determineé whether
uch resonances imply the existence of metastable ions that

typical in adder canals. Most cross sections for electror? i ) ;

transfer peak in the range of a few keV, suggesting thaPne can actually produce in an ion source and study with a

charge-exchange sources should produce metastable io SS s_pectrometer where the transport times are on the order
of a microsecond.

more efficiently than sputter sources. However, the interac- Intrigued by the negative-ion stability diagraiiig. 1A)

tion time between the plasma and the neutral atom is urly-n Ref. [34], we decided to examine the two ions, Bind
. T ) , »
doubtedly longer in the sputter source, and the longer inte CO, with the smallest electron affinitiés 2.7 and—2.3 ev).

action time may compensate for the difference in cros% both cases, we have been able to measure macroscopic
section. In fact, in the sputter source, atoms are only effi; ’ P

ciently removed from the plasma after they obtain a negativg.earr!S of the negative and. positive ions fprmed aﬁ.ef strip-
charge, at which point they can be extracted by the electrif'N9 N t_he acgelerator. Asngmﬂcant expenmegtal difficulty
field present at the face of the cathode. Neutral atoms esca| studymg NZ and CQ" is the presence O%BS.' at. mass
only by diffusion, and positive ions are trapped inside the ™" We eliminated any possmle confusion with .S' or other
plasma. So from the theoretical standpoint, there isano ion of mass 2.8 by Injecting t_he Mass 28 beam Into the tan-
priori reason why Cs-sputter sources should not producgem’. an_d using our gas-ionization de_tector to identify the
metastable ions with currents comparable to those obtainegPS'lve-ion components prodL_Jced dur_lng mo'e"“'?r_ destruc-
using charge exchange. tion and strlpp[r)g at the terminal. Using our modified ion-
As noted in Sec. |, there have not been many experimentaﬁource test fa_C|I|t.y, we were aple to make in-beam measure-
studies of the formation of metastable ions in sputter sourcednents of the lifetimes of these ions, and fo'und that they were
From a theoretical and experimental standpoint, the most" the order of 15Qis. Consequently, despite the large nega-

thoroughly studied metastable atomic negative ions are Hegv.edgletﬁ;o%ae?;ggisleo;t:eart].'treogoer?sdgp?rr]jgg ri]zglt;%nlzsor;—re
and Be but other atomic metastable ions are known includ-°X1%€: gauve | u

ing Mg, Zn, Cd, and Hg, and probably several of the rarecomparatively long lived and can be formed in a sputter

earths. Sputter sources produce only low currents of,He iorl:;\ce with currents ranging from hundreds of pA to about
but, as argued in Sec. |, these low yields are probably be- We also report results of studies withyNand CQ".

cause of the low chemical reactivity of He and not to A hespite the much larger electron affinities of these molecules
inherent inability of sputter sources to form metastable ions P g

On the other hand, sputter sources can produce currents %752,8) ech for s, \tNh'(;r;r:S actuallytpou_nd; ane0.6 eV for bl
the order of a microamp of Be these currents are compa- , the currents of these neégative lons were comparable

rable to the currents obtainable using charge-exchangt thos? we obta|_neq| for N and CO. It 'Fhe_refore appears
SOUICES. at neither the binding energy nor the lifetime of a molecu-

Our knowledge of metastable molecular ions is even moréar negative ion is a good predictor of the size of the negative

primitive. Calculations of the stability of negative ions is ion current that can be produced in a sputter source.
difficult because adding an electron to a neutral atom
changes the total electronic energy of the system by about
one part in ten thousand, and calculating molecular energies The authors’ thanks are due to Harry White for maintain-
to this precision is at or beyond the current state of the arting the ion sources and operating our tandem single hand-
Determining experimentally that an ion is metastable usuallyedly. We would like to thank Ted Litherland, whose sugges-
requires measuring the ion’s lifetime. Using in-beam tech-tion was the initial catalysis for this paper, and whose devil's
niques, these measurements are difficult and limited to advocacy helped us to argue more persuasively for the exis-
range of~0.1-100us. New techniques using storage ringstence of N~ and CQ~. We are also grateful to the NSF for
and photodetachment methods have extended these measuteeir support(Grant No. Phys 9417364which made this
ments to much longef~1 m9 and shorter~10 p9 life- work possible.
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