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Abétract

We describe properties of a particular kind of light-
collecting system used for spectroscopy of light emitted by
foil-excited accelerator beams. This system, built to test
the possibility of colaliing nerrovw lines from sﬁch sources,
has as its basic opﬁiéal element an exicon, a conical re-
flector with its axis coincident with that of the accelerator
beam. We consider the properties of an axicon followed by
a lens and aperture and point ocut some criteria which are
appropriate to the design of optical systems using such
devices. Experimentally we find that scattering of the
~accelerator beam by the foil contributes significantly to

spectral linewidths.
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Intréduction

We have used an axicon for collecting light from foil-excited
‘ accelerétor beans. This device, which was used to test the possi-
bility of obtaining narrow spectral lines from foil-excited accelera-
tor beam sources, has properties which in some circumstances meke
its use appropriate for the study of spectral line shapes and struc-
tures., We describe here some of these properties and indicate some
of the advantzges and limitations of axiCoh—based optical systems.

We find that scattering of the beam by the foil often limits the

reduction of linewidths obtainable ﬁith this mode of observation.

Qptical Properties

We assume throughout iz following that the accelerstor beam
radiates isotropically, and that the reduction of excited ion
density due to decays is unimportant. The latier assumptioﬁfWhich
often holds in practice) makes possible a simplified analysis in
which many of the essential properties of axicon collection systems
are easily displayed. A detailed analysié of the effects of finite
ion state lifetimes is not included heré.

. Axicon optical elements were first discussed in detail by
McLeod.l The original suggestion2 and subsequent developmenta of
this technique for collecting light from electronically—excitéd
ion beams involve the optical system shown in Fig, 1 (see also
Ref. 3). The axicén, a conical reflector with its optic axis
coincident wiﬁh the accelerator beam axis, collects light emitted

into a sm2ll range of angles about perpendiculars to the beam and-



direéts it into a small range of angles about parallels to the beanm.
We will usually aséume that the foil is located at the projected
apex of the axicon and that the axicon is a perfectly-reflecting
hollow cone with 90° total apex angle. Some of the characteristics
of solid exicons (vhich use total internal reflection at the
conical surface) will be mentioned latér._ The circular aperture S
is located in the focal plane of lens L, and restricts the light
transmitted to a spectrograph or spectrometer to that leaving the
axicon within angle ® of the optic axis. The light reflected

into that angular rénge by an area element dA of the axicon sur-
face originates in the beam within a cone of half-angle ©® centered
on the bean normal through dA (Fig. 2).

For sufficiently small accelerator beam diameters, this
system provides complete collection of &ll light emitted by the
beam within the axicon, in the angular range * ® centered on the
beam normal. Wé‘will always assume © < < 1 radian. If the beam
within the axicon is perfectly collimated, the total width of a
spectral line duevto this finite angular range of observation is

appfbximately
8h 22 8ah (1-8°)VP~2pah (1)

where B = v/c assumed < < 1, v = beam particle speed, ¢ = speed

of light, XO = wavelength emitted in the ions rest frame. Typical
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velues of B may range from 2 x 10 ° (0.5 MeV U™®) to 4.6 x 1072



(1.0 MeV H). The requirement on beam diameter (t) for complete
light collection in the desired angular range at some point along

the excited ion beam is
1t << 2R3

where R = axicon radius at that point. For 6A = 1A, Ao = 50004,
B =107 and R = 1 cm, this implies ® = 107 - radian, and t < <
0.2 nm, R varies from some minimum value set by the beam stop
to some maximum value Ro‘

If the lon beam diameter is made comparable to or larger
than (2 R@); while meintaining uniform ion beam»dénsity, tha
light collection efficiency in the desired engular range is re-
duced below unity. This is the usual case‘in practice. The
average collection efficiency (1) for the desired light in thé

case where
t >> 2RE , (2)

can be found from a simple geometrical construction to be
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Although the collection efficiency varies along the ion beam and

may be far less than unity, the total wavelength spread for light
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tranémitted through aperture S is given by Eq. (1). The amount
of light collected by S is approximately proportional to beam
thickness t, since the number of excited ions is proportional to
t? and 1 varies nearly as £,

In order to find the spectral distribution (irradiance)
of light passing through S, for beams having sufficiently large
diameter that Eq. (2) holds, it is convenient to decompose into
componenté o and @ the angle © vwhich an emitted ray reflected
from the axicon maekes with a parallel to the beam axis. Only
rays having © < 0 pass'through the apérture S. In the plane
containing one such emitted ray and the emitting ion's path
(parallel to, but not in general coincident with the beam axis),
the ray mokes angle @ with the normal to the ion's path (Fig. 2).
The observed wavelength A is determined by this angle and isl

»

closely
o= A (14 oB)1 - 87)VE .
Projected into a plane perpendicular to the ion's path, the ray

makes an angle ¢ with the normal through dA (Fig. 2). We then

have approximately that

The spectral distribution of light in the focal planc of

lens L is found by considering the wavelength distribution of



the light arriving at the axicon in the hollow cone having ou‘b—‘
side half;ahngle © + d9 and inside half-angle ©. The wavelength
of a ray contained in the hollow cone depends only on the o com-
ponent of 6., We assune ’c-hat' a constant beam thickness contributes
the ligh{, arriving in that hollow cone; then IQ(A?\,), the dist_ri-_
bution of wavelength .shifts in the emerging light, has the same
algebraic form as the distribution of € values. Using M = number
of decays per unit volume per second in the ion beam, and con-
sidering an axicon having maximum radius Ro and comparativel}}
small minimum radius (so that we may assume that all parts of the
lens are illuminated), we obtain

2, —— ..
Tg(AR) a(sr) @@ = —— [B%0%\ ® (1-8%)7 - (aN)*T7¥ ¢ a0 a(a))

2
(3)

for |AM] < 89)».0 (1 -8%7Y?, ana o'therwisé Ig(ar) = 0
where AA is the shift in wavelength relative to the value on the

beam normal:
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A~V 2
A-do (3 -87) .

The dimensions of Ig(AM) are photons/(time wavelength angle).
For light passing through a circular aperture having angular
diameter 28 the total spectral distribution is then found by

integrating Eq. (3) over ©:



r MR, *£(1-8%) 2—,1/2.

I(6Y) a(aN) = [ — | [8% 287 - ()2 ]
28° A

. for |AA = BOA (1 - 82);y2 ; and otherwise I(AN) = 0 (Fig. 3).
The diﬁensions of I(A\) are photons/(time wavelength). The wave-
length dependénce of I(AM) is identical to that obtained by
Marquet® for the line profile obtained with a more conventional
light-collecting method (assuming B << 1).

The integrated photometric brightness B at 8 (in photons/
sec~cm2-sterad) can be found by integrating Eq. (L) and dividing

by the appropriate area and solid angle factors. The result is

which assumes that Eg. (2) is satisfied and losses are neglécted.
This value‘is equal to the maximum possible brightness obtainable
from the acceleralor beam in directions perpendicular to the
beam axis. In optical systems sugh that a lens jmages the beam
onto a slit or other aperture, this brightness is obtained only

" in the center of the image (where the effective thickness of the
beam is t) and not in the sides of the image.

-If the slit of a spectrometer or astigmatic spectrograph is
placed at S, the sPectral lines observed at the ocutput have widths
which depend on the choice of slit length as well as silit width
(2nd which may be roughly constant along tﬁe line images). If a
stigmatic spectrograph is used in this fashion, the spectra are

qualitatively different. The light passing through the ends of

a(ar) (k).
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the élit has a distribution given by Eq. (3) peaked at the extreme
wavelengths Ko(l +80)(1 - B%)"Y® . The light passing through tﬁe
center of the slit is unbroadened in this ideal case. The result
is the formation of x-shaped “"lines", whose brightnesses in their
exact centers in the spectrograph image plene are the same as at
the center of the entrance s1it, ignoring spectroéraph losses,

and the lines broaden and split toward the ends of the slit
images. Because of the high peak brightnesses cobtainable with
this arrangement, fgere is some prospect of making practical use
of this system; however, the effects of beam scatiering by the
foil (c.f. next section) will presumebly limit the performances

of such systenms,

Effects of Scattering
‘The light collected by an axicon surrounding an ion beam

_is altered significantly when the beam is scattered in the foil

and spreads instead of maintaining constant cross section,

Since we understand only partially the processes leading to
electronic excitation when an ion passes through a carbon foil,

and the processes leading to beam spreading are difficult %o

treat accurately, it is not possible at this time to develop

exact expressions for linewidths and intensities for ion beams
excited in this way.i-The problem of predicting a spectrum collected
by an axicon is coﬁpounded by the facts that the collection éfficiency

of an axicon varies with axicon and beam diameter, and the number

of excited beam particles per unit length diminishes as they move
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downstream. There is also the pos;ibility'that the ions might
radiate anisotropically.

Scattering affects the spectra oblained by an axicon in two
obvious ways; (a) the excited ions move away from their original
paths so that the collection efficiency of the axicon diminishes
and the intensity of -collected light diminishes; (b) the ions
obtain velocity components in the line of sight (perpendicular
to the ion beam axis) so that the spectral lines are broadened
further., Some of the effects of beam scattering in reducing
spectroscopic resolution have been discussed by others.® We assume
for the purposes of discussion that the ion beam is perfectly
collimated before it strikes the foil and that the scattering end
excitation processes are independent; we continue to neglect changes'
in-the nunber of decays per unit length as the emitters move doﬁn»
stream, o

Multiple scattering in the foil gives rise to a gaussian
distribution of ion exit velocities along a direction perpendicular
to the beam axis, so long as an ioﬁ’s energy loss in the foil is
not comparable to E, the ion energy. The width of the distribution
depends on foil thickness (x), number density (N), atomic number
(z), ion atomic number (z), and ion energy. Elementary considera-
tions® yield for the rms scattéring angle O along a direction
. yperpendicular to the beanm:

R (ﬁ Nx Zzzaeé)'zn [ BoE B (5)

B2 booe 2, A
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where a, = Boh% radius, e = electronic charge. This formula ne-
glects reduced-mass effects which are usually unimportant for
hydrogen beans, buﬁ may be significent for beams of heavier ions,
For 100 keV protons passing th;ough 5 pg/cmz carbon foils, the.
formula yields Q = ,018 radian; for 250 keV ot ions passing through
5 p.g/cm2 carbon foils the formula yields ﬁ = ,053 radian.

Thg vavelength distribution IS(AX) expected from multiple

scattering considerations alone is
T 2
I_(AN) a(A\) = (constant) exp [— -£é§l-] a(ar) . (6)
S . ~ 2«12)\‘ 2 . .
2p o

The total flux through the aperture S will be appreciably
reduced due to scattering ét the‘foil if the effective bean
diameter is nolticeably increased, sincg the integrated brightness
at S is thereby reduced. The condition to be satisfied for the

diameter to be appreciably increased is

QR = t
(o]
where t represents the initial beam diameter. For lifetime
measurements and other phbtometric measurements in which constant
light-collection efficiencies are required, the appropriate cri-

terion is

ORrR << %



The spectral distribufion of the light passing through S
is broadened by the spreading of the ion Eeam. We may expect to
observe this effect when the ion velocities in the direction of
observation due to scattering become comparsble to those due to

the finite size of the aperture 5, or when

Both effects (i.e., beam size and velocity distribution)
cause increased degradation of speciral lines as foll thickness
is increased, if other parameters remain constant, The effects
" bave been observed experimentally (Fig. ). These datn, ts%en :
by pressure-scanning a Fabry-Perol interferometer fed by-light
from an axicon, show indications of practical limits on the.
reduction of linewidths in beam-foil sources. We note that for
the hydrogen Balﬁer lines Hﬁ and ﬁhe 0 II lines investigsted, the
full widths at half maximum (sbout 2.5k and 2k respectively)
are less than would have been expected (aboutvﬁﬁ and 2.5i re-
spectively) from simple multiple scattering considerations
alone (see Egs. (5) and (6)).

The line shape for light transmitted by S can be found by
perfofming the convolution of Eq. (4) with Eq. (6). For the sake
of convenience vwe generally assume"tﬁai the widfhé dué to the
two causes of broadening add iﬁ quadrature, so that the net line-
width.characteristic of the source, Fs, at one-half maximum is

approximately equal to

11



A} ~3 ~2 V2
Iy =~ BA (827 + LE7) .

(The profile-bf the recorded signal can often be assumed to be
represented by the convoluticn of the source spectrum with an
instrumental response function having width Fi, in which case we

can approximate the observed signal width I as

Since ) varies approximately as B~2, for a given foil thickness
there will be an ion beam energy for which the liﬁewidth is a
minimum. Experimental indicetions of this effect are shown in
Fig. 5. Althoﬁgh qualitatively the observed effects of scatter-~
ing are well explained, we have observed that the broadening'due
to this mechanism is often less than predicted by Eq. (5) (Fis.
6). This leads us to believe that BEq. (5) often seriously over-
estimates the average scattering angle, Other imrestigators7
have come to this conclusion, attributing their results to break-
down of the assumption thal multiple scattering is the dominant
process. Shielding of the projectile ion nuclei by electrons in
the foil, and the stabilizing effects of the different parts of a
molecular ion upon one another in the neighbofhood of the foil,
may also be responsible for the small widths observed. Detailed
calculations® wiil presumably be necessary for quantitative pre-

dictions of linewidths.
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Design Considerations

The essential problem involved in matching an axicon to a
spectroscopic instrument is usually that of choosing axicon and
beam paremeters to optimize the use of anxexisting instrument.
Because for any given experiment thére are many psrameters which
can be varied at will (e.g., beam collimation, particle speed,
foil atomic humber, spectroscopic resolving power, axicon length),
and ﬁarameters having fixed values Which nay differ among ions -or
levels (e.g., average scattering angle, state lifetimes), it is
not possible to provide absolute criteria for designing all such
experimental systems.

Some quentities can, however, be chosen a priori. Sirce

scattering in the foil degrades bcth intensity and linewidth,

foil thickness and atomic number should be minimized, Except in
cases where the details of the scattering process are to be studied,
there is no point in reducing © far below {1, since much light is
lost thereby without proportional decreaSe‘in linewidth. For the
study of a particular transition, little is gained by making the
axicon length (2 radius Ro) appréciably greater than the product
of particle speed and mean life of upper level.

‘ Althﬁugh the axicon whicﬁ we have used for these investi-
gations was cut from a piece of fused silica (Fig. 1), we have
found that this method of construction is génerally not desirable.
It is simpler and less expensive to maching the item from metal
as & hollow cone, A highly'reflecting.surface can be produced in

the machining process or by vacuum evaporation later. The solid
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axicon, using total internal reflection alt the conical surface,
has several disadvantages associated with the cylindrical bore;
it fluoresces if the scattered accelerator beam strikes it; the
circular cross section provides undesirable focusing properties
(although the shapes of the distributions (3) and (4) are not
affected gregtly), and if it does not have uniform diameter it
can introduce additional Doppler shifts and/or broadening.

- For the/usual grating or interferometric analyzers, the
product of luminosity (etendue, or light-gathering power)? and
resolution (Vavelength/linewidth) is nearly independeht of re;
soiving power for resolutions less than the meximum attainable.

This product for an axicon source is roughly

(luminosity)(resolution) ~ m°R%8® - (28@)7% = —.2
proportional to linewlidth. For a particular beam speed and de;'
sired linewidth (proportional to ®), it is often possible to
choose the axicon radius sufficiently large to fill the entrance
woptics of any practical analyzing instrument. The useful axicon
radius Ro may be limited in some cases by the decay length of the
radiation of interest, or the sizes of available optical components.

With an axicon system the integrated brightness in the plane
of the aperture S is equal to the maximum possible brightness ob-
tainable from the accelerator beam in directions perpendicular to

the beam axis. This fact, and the ease of fixing the linewidth
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in pdrt by the size of S, constitute the principal advantages of
this system. Because of the greater effective source thickness
available, end; n viewing of the accelerator beam might yield
greater effective source brightness. Some of the advantages of
such systems have been described.*® In order to study the exci-
tation process in foll-excited accelerabor beams we ﬁave used a
Fabry-Perot interferometer, in conjunction with either interference
filters or a small grating monochromator to isolate individual
spectral lines. With this apparatus it has been desirable to
avoid large energy-dependent wavelength shifts; it has been essen-
tial to avoid spectral continug (which can arise from fluorescence
at the foil and at surfaces struck by the beam). For these pur-
poses an axicon-based opltical system has been satisfactory, while
extra care would have been necessary in end-on systems to avoid
these difficulties. We have had the further advantage that the
circular axicon exit aperture S is easily matched opéically to the
circular entrance aperture of a pressure-scanned interferometer.
We have benefited from conversations with and comments by
J. Andrae, S. Bashkin, H. G. Berry, W. S. Bickel, J. D. Garcia
and I. MartinSOn,-and numerous other members of this department.
We also appreciate the technical assistance of K. Masterson'in

constructing the apparatus.
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Fig. 1. Section of axicon optical system& B = ion beam, F =
carbon foil; A = axicon (in the present experiments,
cut from a piece of fused silica); C = beam stop; L =
lens; S = circular apertu:e in the focal plane of L. In
our experiments a beam.collimator is placed between F and
A to preven% any part of the scattered accelerator beam
from striking A or L, and a pressure-scanned Fabry-Perot
spectrometer (see Ref. 3) analyzes the light transmitted

by S.

--Fig. 2. Details of é ray\path in an axicon., E represents an
emitting ion, Left: ’section throngh an axicon area
element OA, which refiects a ray from E, and the beam axis.
Right: section through dA perpendicular to beam axis.

A1l rays contained in the cone having half-angle @ pass
through the aperture S (see Fig. 1). Only rays Qriginatiﬁg
in the beam volume within that cone can reflect from dA and

pass through S. The ray emitted by E leaves the axicon at

angle 8 = (o¢® + ¢°)¥® with & parallel to the beam through dA.

Fig. 3. Wavelength distribution in the plane of the aperture S.
Left: the quantity [1 - b Aka/éha]"yz, proportional to
I, (see Egs. (1) and (3)). Right: the quantity

[1 - b AA?/6M%1¥3 | proportional to T (Eq. (4)).



Fig. k.

Fig. 5.
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Degradation of line shapes and intensities with increasing
carbon foil thickness, as observed with an axicon source

and a Fabry-Perot interferometer. The top scan in each
column was obtained by directing Hy light, at Ags1R,

from an external hydrogen Geissler tube through the aperture
S, and pressure-scanning the interferometer in the customary
way. Axicon length epproximetely 1.0 cm, € = 0.0125 radian,.
beam thickness 1.6 mm. ZILeft column: hydrogen Hy (Ko h86ii);
incident ion beam: 0.4 microamperes of Hé+ at 0.21 MeV.
Right colurm: 0 II (Mi639-L6lhok, large peak, and ALGLOA,
small peak); ion beam 0.3 microamperes of 02+ at 1.03 MeV.
Pressure and wavelength increase to thevleft.' Scan rate:
approximately 2,ﬁ/min. The interferometer's free spectral
range is about 16§.7 For the Hy scan, the shifts of the beam
source lines relative to the external sourceva;e'due partly
to second-order Doppler shift (approximately .51) and partly
due to residual first-order shifts whose causes have not been
identified. Small asymmetries are due to veriations in scan

rate.

Variation of observed linewidth of Hy (full width at half-
meximm) with H3+ beam energy, for different carbon foil
thicknesses. The dotted line shows the total width expected

on the basis of the diameter of aperture S alone (Eg. (1)).
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Fig.'6. Approximate linewidths of HB attributed to scattering in
carbon foils vs. 0/E%, 0 = foil surface density, E = beam
energy. The inc;dent ion is H3+. The linewidths are
calculsted by the relation M % = (Fumi)® - b B%0°\ ® - 1%,
i.e., by subtracting in quadrature the effects due to finite
aperture S and instrumental width (seg Fig. L). The solid
lines show the expected behavior of Alsz (Ref. 6 and Eq. (5)),
neglecting reduced mass effects and small changes in the

logarithmic quantity. Range of foil thicknesses:

5.6 - 26.6 pg/cmz; range of energies: .07 - .2l MeV/aton.
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