CHAPTER 4: FAST BEAM-FOIL EXPERIMENT ....oiiiiiire e s 36

4.1 THE BEAM-FOIL LIGHT SOURCE .....ouuiiitiiiitieiitee et e e e s e e et e et e e s emmeaeeseae e e ean e saaneeeanannes 36
4.2 EXCITATION MECHANISMS. ... iteeteittteitee ettt e eemt s s ee et e et e s s e s et e e aneasmsa s st s st e e sa s ansesn s banneesnsanss 38
4.3 SPECTROMETERS AND DETECTORS. .. cuuiituiitniitiitiitsiemestetaseassteeassnsemnntssssssessteernessnsesnnd 46
Y = =y 51
4.5 EXPERIMENTAL METHOD ... itiiitiiiiis i e et eee e e e et e et e et e st s eemat s e s e st e e aa e et e s aaeeansnnmsaessneens 51
4.6 EXPERIMENTAL PROBLEMS ... .ottt eeemt et e et e et s et seeee s e e e b s et e st s san s s bmne st rans 54

FIG. 4.1 THE PRINCIPLE OF FAST BEAM-FOIL SPECTROSCOPY . |ONS FROM THE ACCELERATOR ARE MASS
ANALYZED AND SENT THROUGH A THIN FOIL. THE RADIATION EMITTED ON THE DOWNSTREAM IS
STUDIED BY OPTICAL, X-RAY, OR ELECTRON SFECTROSCOPY . LIFETIME AND QUANTUM BEAT
EXPERIMENTS ARE ALSO INDICATED. ...cceiiiiieiies ittt e ees st s e ees e neeneeeeeeeeees 36

FIG. 4.2. SCALING OF ION ENERGY CHANGE WITH REDUCED ION VELOCITY (V/Z”S). BOHR AND OTHERS
SUGGESTED THAT THE CHARGE STATES OF AN ION COULD BE ESTIMATED BY ASSUMING THAT IT
WOULD LOSE ALL OF ITS ELECTRONS WHOSE ORBITAL VELOCITY WAS LESSTHAN THE ION VELOCITY.
THE ORBITAL VELOCITY OF ELECTRON WAS CONSIDERED TO BE PROPORTIONAL TO Z?2, SO THIS
CONCEPT CAN BE ILLUSTRATED BY PLOTTING STOPPING VS AN ION VELOCITY REDUCED BY THIS
ELECTRON VELOCITY FACTOR.....cetteiiurreerressasnneieanseeeeessassnneeeessassnssnessneesessansnnneeeesaansnnenensnenss 41

FIG. 4.2. SCALING OF ION ENERGY CHANGE WITH REDUCED ION VELOCITY [V/(V£Z?®)]. BOHR ESTIMATED
THE CHARGE STATE OF AN ION BY ASSUMING THAT IT WAS STRIPPED OF ANY OF ITSELECTRONS
WHOSE ORBITAL VELOCITY WAS LESSTHAN ITSVELOCITY SEE FIG. 4.2. THIS CONCEPT LASTED FOR
THIRTY YEARS BECAUSE OF ITSELEGANT SIMPLICITY. BRANDT EXTENDED THIS IDEA TO RELATE THE
ION VELOCITY AND ITS ELECTRONS TO THE ELECTRON VELOCITY OF THE FOIL, IN WHICH IT IS
PASSING. ZIEGLER TOOK THIS CONCEPT AND MADE AN EXPLICIT FORMULATION THAT REDUCED THE

ION VELOCITY COULD TAKE THE FORM OF V/(VEZZ2) ...t 41
FIG. 4.4. THE OPTIMAL ION BEAM ENERGY OF THE IONIZATION DEGREES WITH THE EFFECTIVE CHARGE Z*
= (Z-z) AND MOST ABUNDANT ISOTOPE OF ATOMIC WEIGHT A LISTED INTABLE4.1. ....ccniiiininn 43

FIG. 4.5. EQUILIBRIUM CHARGE DISTRIBUTION OF: (A) CARBON, (B) NITROGEN, (C) OXYGEN, AND (D)
NEON AS A FUNCTION OF INCIDENT ION. FROM THE ABOVE WE CAN FIND THE OPTIMAL ENERGY TO
GET THE IONS NEEDED IN THE EXPERIMENTS. FOR OXYGEN WE NEEDED TO STUDY THE HIGHER LYING
SEXTET STATESIN O IV (O*). IN (C) WE COULD SEE THAT 2-3 MEV IS A POSSIBLE OPTIMAL ENERGY
=724 P TP PO PP PRTPOP 44

FIG. 4.6. THE 1-M SEYA-NAMIOKA TYPE CONCAVE GRATING MONOCHROMATOR AT LIEGE. THE
DISTANCESL, = Lg = 1 METER AND THE ANGLE ®=70.25 DEGREES ARE FIXED. IN ORDER TO SCAN

WAVELENGTHS, THE GRATING ISROTATED ABOUT ITS ..utuiittiiiinieitieeetsseeesssansessaeessnssssnnssssnnns 47
VERTICAL AXIS. FOR THE MAXIMUM EFFICIENCY A AND B ARE ON THE ROWLAND CIRCLE...............u....: 47
FIG. 4.7 THE ELECTRONICS AND DATA-TAKING EQUIPMENT IN BFSEXPERIMENTS AT THE UNIVERSITY OF

=N 51
FIG. 4.8. THE EXPERIMENTAL SETUP OF FAST BEAM-FOIL SFECTROSCOPY ON A 2 MEV V AN DE GRAAFF

ACCELERATOR BEAM LINE AT THE UNIVERSITY OF LIEGE [14,106]. .......uvuvtiiiiieiiieiieieeaeeeiiineeeeeen 52
FIG. 4.9. THE BEAM-FOIL INTERACTION IN THE VACUUM CHAMBER WORKS AS AN EFFICIENT LIGHT SOURCE

IN THE BEAM-FOIL SPECTROSCOPY AT THE UNIVERSITY OF LIEGE........ceiivviiiieeieieeeevemeeeeenneeeenn 53

TABLE 4.1 THE OPTIMAL ION BEAM ENERGIES (IN MEV) OF THE IONIZATION DEGREESWITH THE
EFFECTIVE ION CHARGE Z* = (Z-x), = IS ELECTRONIC SCREENING OF THE BEAM ION AFTER
COLLISION WITH FOIL ATOM, AND MOST ABUNDANT ISOTAPE OF ATOMIC WEIGHT A, BY THISWORK.

TABLE 4.2 COMPARISONS OF THE CALCULATED OPTIMAL BEAM ION ENERGIES (IN MEV) BY THIS WORK
WITH EXPERIMENTAL DATA (IN MEV) FROM [82].....uittiiiieiiiiiiieie ettt 45

35



CHAPTER 4

FAST BEAM-FOIL EXPERIMENT

4.1 The Beam-Fail Light Source
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FIG. 4.1. The principle of fast beam-foil spedroscopy. lons from the accderator are
massandyzed andsent through athin foil. The radiation emitted onthe downstreamis
studied by optical, x-ray, or eledron spedroscopy. Lifetime and quamum beat
experiments are also indicated. [ The figureisfrom[19] ]

The principle of fast beam-foil spedroscopy isillustrated in Fig. 41. Anion
acceerator produces a beam of fast ions which are magneticdly analyzed to
ensure a temicdly and isotopicdly pure bean and then drected through a thin
(typically 10 pg/cm? thickness exciter foil, usually made of carbon. Because of

collisions with the foil atoms, the fast ions may undergo further ionization
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(eledron capture is also passible & lower ion velocity), and they often exit the
foil in excited eledronic and atomic states. These ions decay on the downstream
side of the fail throughthe emisson d light in the ultraviolet, visible or soft x-
ray regions. As shematicdly shownin Fig. 4.1eledron emisson also occurs.
The foil excited ion beam can be mnsidered as a light source for atomic
spedroscopy in a wide sense (i.e., including eledron spedroscopy). There ae
several interesting and qute attradive properties that charaderize this
spedroscopic source. It has wide gplicability. Pradicdly all elements can be
acceerated in modern ion acclerators. More than 70 different chemicd
elements have dready been studied by the beam-foil technique. By varying the
accéerator energy it is posshle to reach many ionizaion degrees (see chapter
4.2). The presently avail able beam-foil spedroscopic results include neutrals as
well as more than 40 times ionized atoms. The excitation is largely unseledive,
which means that very many levels in any ion d interest can be studied. This
broad-band excitation also has drawbadks (see dhapter 4.6). The accéeration to
a well-defined energy and subsequent magnetic analysis usually guarantees a
chemicdly and isotopicdly pure beam, and the beam-foil spedroscopy light
source is therefore free from impurities that are present in ather spedroscopic
light sources. One exception is that certain transitions in atomic cabon, excited
foil atoms from sputtered, are observed [39]. The other possible exceptionis that
other beams with the same masgcharge ratio M/Q are not resolved magnetically.
The rest gas presaure in the target chamber is typicaly 10° torr (or lower) and
the decay of the excited states of the fast ions are therefore not influenced by
secondary collisions and excitations. Additional and more detail ed information

can be foundin the following sedions and many references [7-12].
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4.2 Excitation Mechanisms

Theion-foil or ion-gasinteradionisa mnvenient way of exciting the gaomic
states. In this eadion, we present briefly the understandings and the results abou
the ecitation itself.

The excitation d ion beam in afoil target is basicdly the study of screened
Coulomb colli sions between two colli ding atoms. In the 1950's, major advances
were made in studies of the energy loss of the ion to target nuclei. Bohr
summarized much o the ealier work in 1948 [40] that using the Thomas Fermi
model to estimate the screened Coulomb potential, V(r) between atoms:

V() =(ZZ, €/ r)exp(-r/a), (4.4.9)
where Z and Z, are the @omic numbers of an ion and an target atom, r is their
separation, and a is a "screening parameter”. Bohr argued that a reasonable
approximation might be [40]:

azay/ (ZP+2,%3) 2 (4.4.2
where g isthe Bohr radius, but this approximation was nat derived.

Firsov took a more pradicd approach and used numericd techniques to
derive the interatomic potentials of two colliding Thomas-Fermi atoms [41,47.
After finding the numeric values of the patentials as a function d the aomic
separation he then fitted these potentials using the Thomas-Fermi screening
length and foundthat the best fit was obtained with:

azay/ (Z+2,"%* . (4.4.3

For the degree of ionizaion d the ion as it goes through materials, Bohr
suggested [43,44 that the ion ke considered to be stripped of al eledrons with

velocities lower than the ion velocity. Bohr and ahers suggested that one simple
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criterion would be to assume that ions lose eledrons whose orbital velocities v,
would be lessthan the ion veocity v. Using the Thomas Fermi atom he could
show that theion charge fraction, Z* / Z, would be :

Z'=7"v [ v,, (4.4.9
where Z is the aomic number of the ion, and Z* is its effedive darge of the
eledronin theion after collision with energy lossto the target eledrons, v isthe
ion welocity and v is the Bohr velocity ( ~ 2x10° cm/sed) which is the
approximate velocity of the dedron in an electronic orbit in ion. It is cdled
Bohr criterion. Lamb [45] considered the same problem as Bohr, and suggested
asmilar effedive dharge gproximation, bu based on the energy rather than the
velocity of the ion's electrons. Lamb also ga a similar, bu less detailed,
expresgon for energy change assuming Thomas-Fermi atoms.

In perturbation theory thisratio should scde & (Z*)? where Z* is the number
of eledrons left onthe ion. He founda large anourt of data could be acarately

described using the relation:

z'1z =1—aexp§zkjT GKE (4.4.95
VO

where a &ad b are fitting constants. The expresson expands to be the Bohr
relationship (assuminga=b =1).

In 1963the first unified approadc to energy change and range theory was
made by Lindhard, Scharff and Schiott [46-47] and their approad is commonly
cdled the LSStheory. With this theory it was possible to predict the range of
ions in solids within a fador of two - a remarkable achievement considering it
was applicable over the entire range of atomic spedes and energies up to the

energy change maximum [48-59]. Sinceit was based on Thomas-Fermi atoms it
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was most accurate for atoms with many eledrons in the intermediate range
where they are neither fully stripped na amost neutral. The theory naturally
shows no shell effeds.

The LSS theory was the last of the cmprehensive theories based on
statisticad models of atom-atom collisions. Improvements in caculating energy
change and ranges over the next twenty yeas were made by using numericd
tedhniques and removing some of the gproximations used by Bohr, Firsov and
Lindhard. One new theoretical insight that has had profound implications was
made by Brandt and Kitagawa where they revised the Bohr suggestion d the
degreeof ionizaion d ions traveling within solids. Bohr had suggested that the
ion's electrons that had orbital velocities lessthan the instantaneous velocity of
the ion would be stripped dff, learing the ion oy with its inner high-velocity
eledrons. Brandt and Kitagawa suggested that this gripping criteria shoud be
modified to consider the ion's eledron welocity only relative to the Fermi
velocity of the solid. They then proceaded to develop the formalism to all ow the
full evaluation d this new concept that has proved to be quite acarrate. The two
concepts areill ustrated in Figs. 42 and 43.

Energy changes in 2003 (the date of this chapter) can now be cdculated with
an average acuracy of abou 5% overall, 6% for heavy ions and better than 2%
for high welocity light ions. Range distributions for amorphous elemental targets

have &ou the same acairacy.

40



Scaling lon Stopping Powers

P s Y —
g Stopping vs.
":‘ F lon Velocity /7 z/1]
3 _
- E
=
s
1 F £
=
o3 :
B E
& ]
- Ll . ; s
[ 10! 108 104 107 108 10f 107 1

lon Velneity /228 ( keV/amu )

FIG. 4.2. 8aling d ion energy change with reduced ion veocity (V/Z%®). Bohr and
others suggested that the dharge states of anion could be estimated by assuming that it
would lose all of its eledrons whose orbital vdocity was lessthanthe ion vdocity. The
orbital veocity of eledron was considered to be propartiond to Z%3, so this concept
can be illustrated by plotting stoppng vs an ion vdocity reduced by this eledron
veocity factor. [The figureisfrom[57] ]
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FIG. 4.3. Saling d ion energy change with reduced ion veocity [V/(VeZ%?)]. Bohr
estimated the charge state of an ion by assuming that it was gripped of any of its
eledrons whose orbital vdocity was less than its veocity see Fig. 4.2. This concept
lasted for thirty years because of its elegant simplicity. Brand exended this idea to
relate the ion vdocity andits electrons to the dedron velocity of the foil, in which it is
passng. Ziegler took this concept and made an explicit formulation that reduced the
ionvedocity could take the form of V/(Vez?3). [Thefigureisfrom[57] ]
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Relevant reviews are made by Whaling , Fano [60], Jadkson [61,69, Bichsel
[63], Sigmund [64], Ahlen [65], Ziegler, et al. [66-70], and the International
Commission on Radiation Units and Measurements [71.73. For original
sources, the theoreticd treament of the energy change of ions in matter is due
gredly to the work of Bohr [40,73,74, Bethe [75-77], Bloch [78-79], Firsov
[41-42,8081] and Lindherd [47-51].

From Fig. 4.2 and Fig. 4.3 we oould seethat theoreticd energy changes are
quite similar with the Bohr criterion and the modified Bohr criterion. For the
simplicity, in this work we used the Bohr criterion to estimate the optimal
energy we needed in the beam-foil experiments.

Using the Bohr criterion (4.4.4), we obtained the optimal ion keam energies
for the ionizaion stages for the possible observations of sextet states in doubly

excited O IV, FV andNeVI. Theresultsare shown in Table4.1and Fig. 4.4.

TABLE 4.1. The optimal ion beam energies (in MeV) of the ionization degrees
with the effective ion charge Z* = (Z-0), o is electronic screening of the beam
ion &ter colli sion with foil atom, andmost abundar isotope of atomic weight
A, by thiswork.

Z A o=4 o=3 o=2 o=1 o=0
6 12 0.3 0.7 1.2 1.9 2.7
7 14 0.7 1.3 2.0 2.9 3.9
8 16 1.3 2.1 3.0 4.1 5.3
9 19 2.3 3.3 4.5 5.9 7.4
10 20 3.2 4.4 57 7.3 9.0
11 23 4.7 6.2 7.8 9.7 11.7
12 24 6.1 7.7 9.5 11.5 13.7
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FIG. 4.4. The optimal ion keam energy of the ionization
degrees with the effective charge Z* = (Z-0) and most
abundan isotope of atomic weight A listed in Table 4.1.

As sownin Fig. 2.1,the energies of the sextet levelsof O 1V have very high
energies, due principaly to the 1s and 2 electron vacancies. These 5-electron
high-spin states have energies typically just below the 2-electron O VII 1s2s and
1s2p states, abou 0.8 keV abowve the O IV ground state. It is reasonable to
assume that the beam ion energies for ¢ ~2 are optimal for the observations of
the transitions between sextet statesin O IV, F V and Ne VI. These energies are
abou 3.0MeV, 45 MeV and 5.7MeV, respedively.

The experimental charge distributions that were helpful for our experiments
were foundin [82] and are shown in Fig. 4.5. Using the modified Bohr criterion,
Stelson [83] has cdculated the ionization degrees that can be readed with high-
energy madines. The energies, required to ionize O IV, FV and Ne VI in order
to creae vacncies in the K and L shells, are foundto be aout 0.2 MeV/amu

and 0.1MeV/amu, respedively. Using Fig 4.5we could seethat 2.5 MeV and 5
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MeV are gproximately the optimal beam ion energies for the observations of
the transitions between sextet states in O 1V and Ne VI. They are dose to the
cdculated values of 3.0MeV and 57 MeV.
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FIG. 4.5. Equilibrium charge distribution d: (a) carbon, (b)
nitrogen, (c) oxygen, and(d) neon & a function d incident ion.
From the above we @n find the optimal energy to get the ions
needed in the exeriments. For oxygen we nealed to study the
higher lying sextet statesin O IV (O**). In (c) we muld seethat 2-
3 MeVisa posshle optimal energy. [Thefigureisfrom[82] ]

The comparisons of the cdculated optimal beam ion energies by this work
with experimental data from [82] are indicaed in Table 4.2. Here we set the

electronic screenings ¢ assuming that the screened Coulomb field at the position
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of the valence dedron in the most outer shell is <reened completely by all other
eledrons: i. e. there is no penetration into the orbits of other eledrons. The
acaracy of the cdculations is within 65 %. It is clea that, with the Bohr
criterion approadh, most energy changes can be estimated to better than a fador

of two.

TABLE 4.2. Comparisons of the alculated optimal beam
ion energies (in MeV) by this work with experimental
data (in MeV) from [82] .

o Ecd Eexp acairacy
c* 1 1.9 5.0 62%
c* 2 1.2 2.0 40%
c* 3 0.7 1.0 30%
N+ 2 2.0 3.3 39%
N3* 3 15 1.3 13%
o™ 3 2.5 2.1 16%
o* 4 1.4 1.3 7%
Ne* 4 3.4 3.2 6%

From ion-atom collision theory the popuationsin the levels (nl) are expeded
to be proportional to [(21+1) n% with ¢~3. Support for this model has been
foundin several experiments. For example, Davison [84], Dynefors et al. [85],
and Heine et al. [86] foundthat the n® dependence ayreed with experimental
data. However, other values of q have dso been proposed. Thus, Curtis [87]
noted that certain decay curves for highly ionized levels of higher angular
momentum showed such pronownced cascading tails that g=1-2 must be
asuumed. However, such dstributions diverge unless they are truncated for

certain n values. The studies [88-89] show that the n®, ~3 dependenceis at best

45



highly approximate. Certain n states may be preferentially popuated as the
result of nea-resonant charge transfer between the fast ions and foil atoms.

The dependence for a given n has been extensively investigated. Work [90]
indicaes that here s gates are overpopulated in comparison to p states, whereas
for higher anguar momentum the statisticd 2l+1 dependence seems to be
approximately valid. Indeed even more pronounced popuations of high | states
have been noted [91]. Heine et al. [86] also foundthat the | dependence varies
with the energy. Other data show irregularities in | popdations [92]. A model
based oninformation theory has been applied to beam-foil excitations by Aberg
and Goscinski [93]. The n”® dependence has been shown for large n and a given
|. The dependence of beam energy is being investigated. Such caculations are

expeded to gve much new insight into the excitation processes.

4.3 Spedrometers and Detectors

The particle density in the beam-foil li ght sourceis typicadly 10°/cm?, which
Is sveral orders of magnitude lower than in most other spectroscopic light
sources. Relatively fast opticd equipment (with a @rresponding sacrifice of
high spedral resolution) is usualy neeled for recording the spedra
Depending onthe wavelength (energy) of the deteded phaons, various opticd
instruments are being wsed by BFS investigators. In the air region (wavelength
A>2000 A), relatively simple scanning grating monochromators, e.g., of Czerny-
Turner type, are frequently used. The focd length of the instruments range from
about 0.25m to 20 m. Below 2000 A vacuum instruments must be used. These
are usually of normal-incidence or of Seya-Namioka design [94] and are

appropriate for the region 300-4000 A (40 - 3 eV). Grazngincidence
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spedrometers are needed for investigations of shorter-wavelength regions (20-
500 A). Here, also, bah commercia and home-made instruments (with 1-3 m
focd lengths) have been used [95-96], and the wavelengths covered range from
abou 20 to 600 A (60020 eV). All these spedrometers are usually equipped
with phdo-multipliers or open detedors (e.g., channeltrons) at the exit dit and
pulse-courting tedniques are generally being employed. In the ealy
experiments the beam-foil spedra were frequently registered photographicdly
[97], bu nowadays the photoeledric detedion methods are usually preferred,
because of their linearity and hgher sensitivity. Fig. 4.6 shows the 1-m Seya-
Namioka spedrometer system used in this fast beam-foil experiment at Liége.
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FIG. 4.6. The 1-m Seya-Namioka Type Concave Grating
Monaochromator at Liege. The distances |, = |, = 1 meter andthe ange
@=70.25 degrees are fixed. In order to scan wavelengths, the grating is
rotated abod its vertical axis. For the maximum efficiency A and B are
onthe Rowlandcircle.
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The mncave diffradion gating was invented in 182 by Henry Rowland.
The grating consists of finely spaced lines produced on the concave faceof a
sphericd surface Rowland wed Fermat's principle in order to spedfy the
predse shape and location d the grating lines. In Fig. 4.6,the beam source of
the light to be diffraded is placel at Point A. The spedrum of the source for a
given wavelength A is obtained as an image at Point B. If P (x, y, z) is any point
onthe sphericd surface then Fermat's Principle requires that:

AP + BP = 2b = Constant.

Quoating from Rowlands origina paper: "Should we increase b by equa
guantities and draw the dlipsoids or hyperbaoid so indicated. The intersections
of these surfaces with any other surface form what are known as Huygen's
zones. By actually drawing these zones on the surfacewe form a grating which
will refled or refrad the light of a cetain wavelength to the given focd paoint.”

Thus, over a hunded yeas ago it was shown that an aberration-freeimage
could be formed by a mncave diffradion gating for a given wavelength, if the
groowve shape could be made to foll ow the intersedion of afamily of hyperbolae
with the grating surface It iswell known that a hyperbdlic fringe profil e results
from the interference pattern of two coherent point sources. The modern
hoographic concave aberration correded dffradion gating is the dired result
of applying laser techndogy with the spatial modulation capability of
phaoresist materials in order to "draw” the hyperbdlic lines that Rowland
described in the 1800's.

The modern theory of the Concave Holographic Diffradion Grating was
developed by M. Seya and T. Namiokain 1954.The grating equationis
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NmA=sina +sinp.
The equation of spedral plane (tangential) focusis

cosa _cosa  cos B _cosf _mi
| R I R A

a

C, =0.

the equation of astigmatic (sagittal) focusis

1_cosa+1_cosﬁ_m

I, R I, R A

a

. =0.

The equation of comatermsis

sina 1 cosa [, sinB[j1 cosf mc -0
., H. R l, H, R A O

where

R = radius of curvature of sphericd blank

m= the diffracion ader (0, + 1, +2, etc.)

N = 1/d is Groowve frequency at center, and disthe grating period

Ao = wavelength used in grating fabricaion

Additional higher order terms exist in the light path function. The &owve
relations, however, are sufficient to describe the primary foca properties of the
Concave Holographic Grating. A typicd design approach might involve the
spedficaion d the required spedral dispersion as a function d wavelength,
which establi shes the groove frequency N, and the coefficient C; . Next C, and
C. are seleded in oder to minimize those remaining aberrations over the
spedral range of interest. Once this constant is determined, the fabricaion
equations are solved smultaneously in offer to establish the paositions of the

recording coherent point sources.
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For the 1-m Seya-Namioka Type Concave Grating Monochromator used in
this fast beam-foil experiment at Liége, the distances I, = |, = 1 meter and the
angle ®=70.25 degrees were fixed. In order to scan wavelengths, the grating is
rotated about its vertica axis. To scan the wavelength range of 300A to 1500 A
we used the 2400 G/mm grating, where the wavelength resolution was ~ 0.1 A.
To scan the wavelength range of 1800A to 3000A we used the 1200 G/mm
grating, where the wavelength resolutionwas ~ 0.2 A.

Most beam-foil experiments use single-channel methods. Multi-channel
detedion techniques neeal to be developed to reduce the time neaded for data
taking, particularly at large and heavily scheduled acelerators. Such detedors,
for the vacuum ultraviolet region, have recently been successully tested in
beam-foil experiments[98-99].

Our BFS experiments at Liege utilized a single-channel. We show the system
used at the University of Liége in Fig. 4.7 Here, the foil-excited beam (from a
1.7 MeV Van de gradf acceerator) is viewed by a monochromator, which is
used for the vaauum UV region. The pulses from the phaon detedor at the exit
dit of the monachromator were multiplied, discriminated and fed into a
minicomputer. The monochromator was scanned with a stepwise rotation d the
grating for afixed amount of beam charge recorded by the digitized Faraday cup
beam current courter. The minicomputer also dreds the experiment by

scanning the monochromator and/or moving the foil along the beam.
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FIG. 4.7. The dectronics and dda-taking equipment in
BFSexperiments at the University of Liege.

4.ATargets

The target foils are usually made of self-suppating carbon by evaporation
[100. Foil bre&kage under beam bombard is a problem in BFS experiments,
particularly with beams of low-energy heavy ions. Systematic studies of such
effeds have been reported by severa authors [101-105]. Our foils were made
from a glow discharge [14] and hed areal densities about ~10-20 pg/cm?® They
lasted for 1-2 hous under the experimental condtion described below. This fail
breskage posed the principal limitation onthe ion beam current density and

hence phaon signal-to-noise ratio in our experiments.
4.5 Experimental Method

The eperiments were performed with the standard fast-ion beam-foil

excitation system on a 2 MeV Van de Gradf acceerator beam line & the
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University of Liége [14,10§. The experimental setup o fast bean-foil
spedroscopy is illustrated in Fig. 4.1.To produce the spectra of oxygen in the
wavelength region rea 500-1500 A, the beam current of about 1.3 pA of *°0"
and *°0," ions at beam energies between 1.2and 1.7 MeV crosss a thin (~10
ng/cm?) exciter carbon foil. Light emitted at about 90 degrees to the ion beam
diredion was analyzed by a 1-m Seya-Namioka spedrometer equipped with a
low-noise channeltron detedor (seeFig. 48 and 49). 25 spedra were recorded
in the wavelength range aound 5001500A at slit widths of 1000100 and 4040
um. Through the use of optical refocusing spectroscopy a full width at half

maximum (FWHM) of 0.7 A in this wavelength range was achieved.

BEAM-FOIL SPECTROSCOPY

Liege schematic experimental arrangement(not to scale)
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FIG. 4.8.The exyerimental setup d fast beam-foil spedroscopy on a
2 MeV Van e Graaff accderator beam line at the University of
Liege[14,10]. [Thefigureisfrom University of Liege.]
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FIG. 4.9.The beam-fail i nteraction in the vacuum chamber works as
an efficient light source in the Beam-foil Spedroscopy at the
Univesity of Liege. [ The figureis from University of Liége.]

Spedra in the wavelength range where the sextet lines were expeded are
also avalable from some previous unpubished measurements in oxygen,
fluorine and reon. They yield information on wavelengths, intensities and line
shapes, and are very helpful for comparison with our present calculations of the
sextet states and measurements in oxygen. Spedra of O** and F** were recorded
from beams of °0* and ?(FH)" ions at ion energies of 2.5 MeV with similar
experimental procedures at the University of Lyon. Linewidths in the spedra
range from 0.4 A and 0.8A. The spedrum of neon was produced and recorded

from a beam of “°Ne’ ions at the Argonne National Lab Dynamitron Accelerator
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at an energy of 4 MeV. The spedrum was taken in the 2nd grating order to help
to identify and resolve the sextet spedrum. Linewidths are abou 0.4 A in the
wavelength range of 490-560 A.

4.6 Experimental Problems

Beam-foil studies of atomic spedrafrequently yielded ogtical transitions that
had na been reported in the previous literature on atomic spedroscopy. Severa
authors[97,107111] thus observed new transitions in multiply ionized N and O.
Only a fradion d which could be dassfied (i.e., assigned to definite energy
levelsinionized N and O); the majority of the lines were left unidentified.

Many of the spedra of multiply ionized atoms are incompletely known.
Beam-foil studies provide some new spedroscopic material. However, it was
soon aso redized that the beam-foil excitation populates highly excited states
that are difficult to excite in aher light source.

Since the line widths are of the order of 1 A in beam-foil spedrain the UV
region in the experiments, wavelengths could orly be determined with £0.2 a
+0.3 A uncetainties. Occasionaly, data of much better quality were dso
sometimes reported [117]. The line widths are largely caused by sensitivity that
demands the use of small and fast monochromators and wide dlits. Furthermore,
the light is emitted by moving ions, and Dopper effeds must be considered.
When the foil -excited beam is viewed at an ange of 90 degree the first-order
Dopper shift vanishes. However, the second-order shift, propational to V?/c?,
must be taken into acount. The principal line widths come from Dopper
broadening of the spectral lines, due to the finite acceptance angle 0 of the

spedrometer. The broadening is approximately given by
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AL ~ABv/c
For the 1-m Seya-Namioka spedrometer of our experiment with dlit widths w =
100 um /100 um, focal length f = 1 m, and a grating of A = 10 cm wide, the
finite acceptance angle 0 is written as

0~ (A+w)/f
When we acelerate *°0 ions at 1.7 MeV and vic ~ 1.6%. We obtained a line
broadening o A\ ~1.04 A at the wavelength of A ~ 660 A This clearly rules out
predsion spedroscopy.

Efforts have been made to reduce this drawback. When we wanted to
improve the acarracy of the wavelengths, we reduced the dlit widths to w =40
pm /40 pm, and used the refocusing technique. Using the two methods the line
broadening was reduced to AL ~ 0.8 A.

In present work we have obtained about 0.8 A line widths in the wavelength
region 400800A.

After a wavelength measurement the observed transitions must be asigned
to the crred ionizaion states. The excitation is largely unseledive, so that very
many levelsin several ions of interest can be in the spedra being studied. Many
transitions in several ionization degrees appea in a spedrum at certain energy,
making the identificaions very difficult, and also leading to line-blending in the
experimental spedrum. Corred identificaions can be achieved by studying the
intensity of spedral lines as afunction d beam energy, i. e., recording spedra at
several energies. This method introduced by [113-114], assumes that the
excitation functions for levels within a given ion are similar. We produced and

recorded spectra of oxygen in the wavelength region rear 500-1500 A at beam
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energies between 06 and 17 MeV, to help to identify and corredly assgn the
observed lines.
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