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ABSTRACT

The beam-foil source can be developed as an absolute intensity secondary
standard light source. A spectrometer and optical system are calibrated using a
standard tungsten filament (blackbody)‘ lamp whose intensity calibration is
traceable to the National Bureau of Standards. Knowing the number of photons
emitted by the lamp, we determine a wévelength dependent system efficiency. By
careful comparison of the intensity of spectral lines emitted from the beam-foil
source to an appropriaté portion of the continuous spectrum emitted from the
standard blackbody lamp, the beam-foil source is calibrated over the same region
of the spectrum as is the standard lamp. Branching ratios are then used to extend

this calibration into the vacuum ultraviolet.




3. STATEMENT OF THE PROBLEM

In many spectroscopic experiments, qualitative comparisons of spectral line
intensities are sufficient. On the other hand, for absolute measurements of atomic
parameters, the actual number of photons' emitted or absolute transition probability per
second is needed. Such experiments need an absolute intensity calibrated spectrometer
system. Calibrations are made by comparing the radiation observed from the unknown
source with that from a primary standard source, such as a calibrated blackbody lamp.
Branching ratios or detectors with known spectral responses may then be used to
extrapolate the calibration into other portions of the spectrum.

This thesis describes a procedure to develop the beam-foil source into a secondary
light source for absolute intensity calibrations. The beam-foil source has a number of
qualities which recommend it.

The conditions in a well-designed beam-foil experiment are readily reproducible.
This means that the same conditions (beam current and energy, ion type, foil type, etc.)
can be recreated in widely separate experiments - in different laboratories or at different
times. Because only intensities are being measured, for a specific set of reproducible
conditions it is not necessary to know the polarization of the beam radiation, the statistical
weights of states, population levels of various substates, or the exact mean lifetime (7))
or transition probability (o) of a level i. The beam-foil source produces spectral lines
throughout the entire spectrum from the infrared through the X-Ray region, not a
continuum as a blackbody does. This greatly reduces the amount of scattered light and

the problem of overlapping orders with which one must contend.
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With proper choice of beam-foil conditions, the intensity of spectral lines emitted
by the beam are highly reproducible and easily measured. A careful selection of ion type
and knowledge of branching ratios permits a calibration of the source across a wide

portion of the spectrum.




4. THEORY

All radiation is the result of accelerated charges. Two sources of radiation exist
for which the absolute number of photons emitted per second per unit solid angle per area
per wavelength interval can be calculated from fundamental principles: synchrotrons and
blackbodies.

Synchrotrons produce radiation by changing the direction, as well as the
magnitude, of a charged particle's velocity. Charged particles are injected into a ring with
some initial kinetic energy. A magnetic field perpendicular to the plane of travel deflects
the path of the particle. In order for the particle to remain in an orbit of fixed radius, the
magnitude of the magnetic field must increase as the magnitude of the velocity vector
does. In order for an electron to emit radiation in the visible to X-ray region, energies
in the GeV range are required, making such electrons highly relativistic. The intensity
distribution of radiation from a single such electron is given by Schwinger's formula:

_ 21 e*c Py s, 2112 @v)? 2 1
IG,Y) 2 7 Sl 1+ ¥y [K”(E)+~_1+<w)2 Kp®)] @

Here, e = electron charge
¢ = speed of light in vacuum
R = radius of the orbit
A= "critical" or "cutoff" wavelength
Y = azimuthal angle

¥ = E/m,c?
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and K,, and K, are modified Bessel functions of the second kind, using the argument:

_ e, 23 2
E = G+ W] )

From this point, the total radiated power from a single relativistic electron is given by:

P

f f drdy I )
3)

_2_-3_.2"' .[L]“
3 R?* mc?

These calculations are well known, and a detailed derivation is shown by Koch,
et al'. The key to applying these equations lies in knowing exactly how may charged
particles, N, are stored in the synchrotron ring, since P is directly proportional to N. Most
commonly, this has been done by comparing the power output from the synchrotron to
that from a standard lamp. Recently, absolute calibration became possible when the
radiation from a single electron was detected. Specifically, at low intensities, the
quantized change in intensity was detected as a single electron was lost from the storage
ring. The intensity of synchrotron radiation as a function of wavelength is shown in
Figure 1.

Blackbodies produce radiation, often referred to as thermal radiation, through a

combination of stimulated and spontaneous emission. Consider a two level atomic
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Figure 1 Synchrotron Inensity. Curve is plotted in the plane of the electron orbit (y=0).
Wavelength is normalized with respect to the cutoff wavelength. From Handbook of

Synchrotron Radiation
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system, where the upper and lower levels are denoted "2" and "1", respectively. The rate

of population changes in each of the levels may be written as:

dN,
71;1 = Ay N, +B,, p(V)N, -B,, p(V)N, @
dN.
—de = -Ay N, - B, p(V)N, +B, p(V)N, ®

where N, and N, are the populations of levels one and two, A, is the Einstein A
coefficient for spontaneous emission, B,, and B,, are the Einstein B coefficients for
stimulated emission and absorption respectively, and v is the frequency of the radiation
associated with the transition from level one to level two. The factor p(Vv) is the density
of photons as a function of photon frequency, and was added empirically by Einstein in
1916. Quantum mechanics shows that the rates of stimulated emission and absorption are

equal, so (4) and (5) become:

dN.
Tl = Ay N, +B,, p(V)IN, -N,] (6)
dN.

2 = -A, N,-B, p(v)IN,-N,] )]

dt
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In thermal equilibrium, these two expressions must be equal, which gives:

AyN, = =B, p(v) N, -N}]

8)
= By p(V)IN, -N,]
Also, when in thermal equilibrium, the Boltzmann distribution must hold:
LA
N, &)
=e 'hVIKnT
where h = Planck’s constant = 6.626-10%" erg-sec
K = Boltzmann's constant = 1.381-107 ergs-K"!
T= temperature in degrees Kelvin (°K)
and E,-E, = hv = energy difference between two levels.
Substituting and solving for p(v), we get:
1
vy = .1 (10)

B, (ehv/x,r_l)
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Einstein showed that the ratio A,,/B,, equals 8nhv’/c’. Substituting this into (10) gives
the Planck distribution for p(v):

_ 8nhv® 1

c3 (e thK,T_l) (ll)

Note that there is no mention above of the material which comprises the blackbody, its
shape, size or other characteristics; therefore, the frequency distribution is a function of
temperature only. This argument can be generalized to a number of levels, using the
principle of detailed balance, where each pair of levels is considered in turn.

A true blackbody will absorb all the radiation incident upon it. If it is in thermal
equilibrium with its surroundings, it will emit as much radiation as it absorbs, although
it will not emit the same frequency distribution as that of the incident radiation. Although
there are no known perfect blackbodies, good approximations exist, and one can adjust
the actual emission spectra to the idealized blackbody spectrum. This is done routinely
for standard lamps; the method is discussed below.

Standard lamps have a significant advantage over synchrotrons in that they are
commercially available, easily portable, and have calibrations traceable to the National
Bﬁreau of Standards. Once one has a calibrated primary standard source the creation of
a secondary standard is straightforward.

First, one determines the rate at which photons are emitted by the primary standard
at a given wavelength, into a given wavelength interval. If the standard lamp were a

perfect blackbody, the procedure would be simple, since a perfect blackbody obeys
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Planck's Law exactly, and gives an intensity distribution:

2hc? 1
I,(A)= . 12
p(%) PERP (12)
where I(A) = intensity of radiation in ergs-sec’-cm?-steradian™-A"!

A = wavelength of radiation in A

and T, = absolute temperature of the blackbody.

As mentioned above, the tungsten filament standard lamp only approximates this
relation, because tungsten has a wavelength dependent emissivity which is less than one.
In addition, the filament is usually contained in a glass envelope whose wavelength
dependent transmission coefficient is also less than one. Accounting for these factors
requires two separate adjustments to Planck's Law.

The first adjustment considers the difference between "absolute temperature”, T,,
used above, and "brightness temperature”, Ty, which is the apparent temperature of an
imperfect blackbody. Planck's Law requires absolute temperature, the temperatilre- at
which a perfect blackbody operates. A standard lamp's calibration is expressed in terms
of brightness temperature, and therefore we have to convert from brightness to absolute
temperature.

The relation between absolute and brightness temperature was examined by
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Rutgers and De Vos® and Davidson®. It is derived in Appendix A:

=_+—A_

1 .
T, G, [In(e(2)) +In(z(A))] (13)

1
T,
where T, = absolute temperature
Ty = brightness temperature
A = wavelength of radiation
C, = Planck's 2™ constant = hc/K,
£(A,T)= emissivity of tungsten filament

and 1(A)= transmission of Pyrex envelope.

The absolute temperature is calculated using the emissivity of the imperfect
blackbody at a specific wavelength, typically A6500 Angstroms. After this single
calculation is made, the absolute temperature can then be used to determine the intensity
distribution across the entire spectrum to a high degree of accuracy. A comparison of
absolute and brightness temperatures and the resultant intensity distributions is shown in
Figure 2. The correction for emissivity is not a simple scaling factor; note the crossing

point in Figure 2 at A6500 A.

e ——
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Figure 2. Intensity curves for ideal blackbody and tungsten
filament lamp. The blackbody (upper curve) is at an absolute
temperature of 1500 degrees, while the lamp is at a brightness
temperature of 1500 degrees. Note the crossing point at 6500
Angstroms. Intensity is in arbitrary units.
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Figure 2a. Expansion of visible portion of the spectrum,
showing the crossing point at 65600 Angstroms. Below
this point the perfect blackbody's curve lies below that
of the filament lamp.
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When the emissivity and transmission coefficients are included into the intensity

distribution, we have:

he? 1

= - ' -2
L#) = €T, 00 S (14)

where I, indicates the intensity distribution of a standard lamp, rather than a perfect
blackbody.

We next calculate the number of photons per second per steradian per area per
wavelength interval emitted by the "blackbody" source, that is, a small area of the
tungsten filament. First, use the intensity formula to calculate the power emitted into a

specified solid angle, Q:

Power = I, (1) dA-Area of sourceQ

Here,
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di = D(A)'W_,
D(A) = Inverse linear dispersion (Angstroms per mm) of the
spectrometer
L W,

Area of source =
M2

L,.. = Length of the entrance slit

W, = Width of the entrance slit

M = Magnification of the input optics
and Q is the specified solid angle of the system.
This gives for the blackbody:
1 _ L

Dy - L P

‘Q (15)
(" PETL_) M?

2hc?
P =€) t(2)- Y .

in ergs per second. W?=W_, W, , since in our case the width of the exit slit is taken
as equal to the width of the entrance slit and the magnification of the spectrometer (not
the input optics) is one.

Now convert this to the number, N, of photons emitted. We know that:

Power = Nhv

= NpE
A

So we may write:
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A
N=Power--.
ower hc
(16)
L, W
e v 2.1 .ppy L=’ g
24 (encp_.x,TA_l) M2

Having determined the number of photons per second being emitted by the
standard source into a wavelength interval, the next step is to associate this number with
the number of photons detected at the counter. These numbers will not be the same, since
no detector, including PMTs, CCDs, and diodes, is 100% efficient, and all detectors have
response curves which are functions of wavelength. In addition, there will be system
losses caused by absorption and scattering which will lower the number of photons
detected. Furthermore, there will be counts associated with the dark current for each
particular PMT, which contributes noise to the PMT current or the counting of photons.
Nevertheless, the time average of noise is constant, and all losses can be accounted for

in the wavelength dependent operating efficiency of the system.

Number of photons detected per unit time a7
Number emitted per unit time

efficiency =

This is the efficiency that must be used to calibrate the secondary source, providing that
identical input optics are used.

Next, identical input optics are used to determine the number of photons emitted
by the proposed secondary source (here, the beam-foil source). Since the efficiency of

the system is wavelength dependent, the same wavelength and wavelength interval must
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be used with both the beam-foil source and the standard lamp. For the comparisons to
be reproducible, beam-foil characteristics (energy, current, ion type, foil thickness, etc.)
must be carefully measured, controlled and held constant throughout the measurement.

In this manner, the beam-foil source becomes a calibrated absolute intensity
secondary source at exactly those wavelengths emitted by the standard source. Even
though the calibration is carried out in the visible portion of the spectrum, the extension
of the calibration to other wavelength regions of interest can be done as follows:

In most cases, an upper excited state in an atom is connected to more than one
lower state. When this occurs, several different radiative transitions are open to the atom,
each of which will produce radiation of a different and distinct wavelength. Consider the
decay scheme shown in Figure 3. Here the atom in initial excited state 1 can decay to
states 2, 3 and 4 with transition probabilities A,,, A;; and A,,, respectively. The
corresponding wavelengths emitted are A,,, A;; and A,,. Under these conditions, the mean

lifetime of the atom in the initial excited state, 1, , is given by:

1
il i Ap+A+rAg, (18)
1

where 7, = mean lifetime of state 1, in seconds
o, = total transition probability per second from state 1
A,~ transition probability per second from state 1 to state f

For N possible decay modes, this can be generalized to:
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State 2

State 3

12

State

1

State 4

Figure 3 Decay Scheme. Mean life of the upper state (state one) is T,. Three distinct

wavelengths of radiation are produced: A,,, A;; and A,,.
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1 N
_—= EA‘i = a‘ (19)
T

The power of a spectral line is given by the equation:

hc
I, = N,-A#-I‘; (20)

where N, is the number of atoms in state i and A is the wavelength of radiation emitted
during the transition from state i to state f. One can determine the ratio of the power of

two lines by dividing I, by I,;. We get:

1)

and

k _ Ay ,)'14

114 Al4 A'IZ (22)

The same procedure follows for a system with any number of lower states. The ratio of
A,,/A,; is the "branching ratio" between states 2 and 3. These have been studied in

detail, both experimentally and theoretically, for a great number of atoms, and many of
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these ratios are known to a high degree of accuracy. Consider the specific example of
helium with one of its electrons excited to the 3p level. The allowed transitions are 3p
'P — 25 'S, emitting a photon of A5015.68 A and 3p 'P — 1s 'S emitting a photon of
A537.03 A. From the National Bureau of Standards®, the values of A,, and A,, are
5.66:10° second™ and 0.1338-10° second”, respectively. This gives the ratio of the power

of the two spectral lines as:

Lois _ 0.1338-10° _ 537.03
I,  566-108 50157

= 2531072

We can also determine the ratio of the number of photons emitted with these wavelengths:

Noois _ 0.1338-10°
N537 5.66'108

= 236-1073

So if 1000 photons of A5015 A are emitted by a certain volume of the beam-foil source,
there will also be 1000/0.0236 = 42,373 photons of A537 A emitted from the same
volume of the beam.

Because the beam-foil source consists of a beam of atoms that decay from the
excited state exponentially with time (distance from the foil), the number of atoms in the
excited state is not constant at all points along the beam. Thus, N; is replaced by N,®-e**

and the equation for I; becomes:
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I = NO -e"’"-%c— (23)
g
where N© is the number of atoms in thg excited state i created at the foil.

The beam-foil source is plagued by cascades, where the decaying upper state is
repopulated from some still higher state or states at some rate. Cascades have been a
complication to beam-foil work since its inception, especially where the intent of the
experiment was to determine mean lives of atomic states. They do not, however, effect
the absolute intensity calibration being done here. In our case we need to know only the
number of photons emitted from a section of the beam with length Ax at some distance
x from the foil. As shown above, this number is derived from the intensity of a spectral
line. We do not need to know how the upper excited state is populated or how that line's
intensity varies with time or distance from the foil. As long as the beam-foil's parameters
are consistent from one experiment to another, the same number of photons will be
produced at the wavelength of interest.

Using this procedure, and suitable ion types, the beam-foil source can be converted

to an absolute secondary intensity standard in the ultraviolet, vacuum ultraviolet or X-ray

region.
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5. EXPERIMENTAL PROCEDURE

5.1 Experimental Apparatus

The atom whose spectrum is to be observed originates in an ion source at the
terminal end of the University of Arizona's 2 MeV Van de Graaff accelerator. (Fig 4) The
machine accelerates ions (not neutral atoms) along the column and into a bending magnet,
which directs particles with the desired charge to mass ratio into a beam pipe and target
chamber. The entire beam path from the ion source to the target chamber is under
vacuum with pressure less than 10~ torr. Getting a pure beam into a target chamber is
an idealized process, since it is true that "everything contains everything". Impurities are
present in the beam, even if only in minute amounts. The finite resolution of the bending
magnet and beam apparatus and slits in the target chamber prevent separation of ions of
approximately the same charge-mass ratio. As an example, assume that N* (atomic
weight 14.0067) is being accelerated to energy E, and directed into the target chamber.
At that same energy, other species such as singly ionized CH, (atomic weight 14.0270),
and doubly ionized N, , CO and Si (with charge to mass ratios 1:14.0067, 1:14.0053 and
1:14.043 respectively), all with charge to mass ratios of close to 1:14, could also occur
in the beam and would be directed into the same experimental station. These species
could not be separated except in the highest resolution analyzers. Therefore, the
experimental_ist must reduce the effects of impurities, such as silicon from SiO, in the
glass of the ion source, atmospheric gases, carbon from the hydrocarbons in pump oil, and
SO on.

After magnetic selection, the ions travel down the beam pipe and through a slit
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2 MeV Van de Beam Bending
Graaff Pipe Magnet

<:::‘;;:
lon
Source ;

Optical
System

Figure 4 2MeV Van de Graaff. Ion is accelerated along beam pipe and directed by
bending magnet into appropriate experimental station. Optics are shown at Figure 5.
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system which energy-stabilizes the beam. If the energy of the beam particles changes
causing the beam to drift in one direction or the other, the slits will intercept different
amounts of beam current and provide varying degrees of feedback to the accelerator.
Finally, the beam enters a target chambgr where it passes through a tantulum beam
defining aperture (a circular aperture with a diameter of 5.0 millimeters) and then through
a thin, amorphous, self-supporting carbon foil of known areal density. In the foil, the
beam ion may gain or lose one or more electrons, and so emerge as either a neutral atom
or an ion, or it may emerge unchanged. In addition, the foil may electronically excite the
particle. Any particle in an excited state decays exponentially, emitting radiation. A
large sample of particles in the same excited state will produce radiation whose intensity
decreases exponentially with time. Since the emergent particles are essentially
monoenergetic with a well known velocity, this exponential decay is seen as an
exponential decrease in intensity of radiation with increasing distance from the foil. At
the downstream end of the target chamber an electron suppressed shielded Faraday cup
measures the beam current. Beam currents are measured with the foil in and out of the

beam path and the ratio of currents for (foil free) : (foil present) helps characterize the

- beam properties.

Some of the emitted radiation leaves the target chamber through a quartz window
and is collected by a system of mirrors which directs the radiation into the entrance slit
of the spectrometer (Fig 5). Essentially, the concave collection mirror focuses a small
section of the beam onto the entrance slit of the spectrometer. The concave mirror has

a radius of 5.5 centimeters, a focal length of 37.5 centimeters, and a radius of curvature
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Figure 5 Optical System. Concave mirror rotates to direct radiation from either the
beam-foil source (chief ray shown) or the blackbody into the spectrometer.
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of 75.1 centimeters. The spectrometer, a Heathkit EU700/E 1/4-meter /6.8 scanning
monochromator, analyzes the light entering the entrance slit and diffracts light of the
desired wavelength through the exit slit and into a PMT, which can be used in the current
or pulse counting mode. Counts per secpnd are stored in a multi-channel analyzer or
computer.

Radiation from the primary standard source can be directed into the spectrometer
simply by adjusting the concave mirror to focus the tungsten filament of the blackbody
source onto the entrance slit. Care was taken to ensure that radiation from the beam-foil
source travels exactly the same optical distance and through identical optics as does the
radiation from the blackbody filament. The significant difference between the blackbody
and the beam is that the blackbody emits a continuous spectrum. Therefore, when
viewing the blackbody with the grating spectrometer, overlapping orders and scattered
light can cause problems at the detector. To reduce the amount of scattered light that
reaches the PMT, an Oriel Filter Monochromator #7155 was placed just ahead of the
entrance slit of the spectrometer. It was adjusted to give maximum transmission at the
desired spectral line from the beam-foil source. With this adjustment made, the concave
mirror was rotated to pass light from the blackbody into the spectrometer. When the
concave mirror selects the standard lamp, the interference filter passes only a small band
of radiation with spectral width A\, , centered at the desired wavelength. The filter
bandpass AA; of ~12 A is larger than the bandpass A, of the spectrometer. Therefore,
the filter serves to block out most of the unwanted radiation, while the spectrometer

selects an exactly known bandpass given by the inverse linear dispersion and slit width.
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The filter was placed very close (about 2 mm) to the entrance slit so that it would not act
as a stop and limit the solid angle being observed.

The blackbody is a standard lamp, GE 30AT24, with an intensity (power)
calibration traceable to the National Bureau of Standards (See Fig 6). The radiation
emanates from a rectangular tungsten ribbon filament, which must be mounted vertically.
A small notch on one edge of the filament marks the section of the ribbon upon which
the entrance slit of the spectrometer must be focused. The lamp is powered by a Perkin
Model MK 28-30 power supply connected in series to a 0.0 to 2.3 Ohm variable resistor
and a precision standard (R= 0.01 Ohm) resistor. The variable resistor controls the
current from the power supply that enters the standard lamp. The current, i, through the
standard lamp is determined by measuring the voltage, V, across the standard resistor.

The calibrated filament current i is then given by i = V/R.
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Figure 6 Calibration Certificate. Calibration is traceable to National Burea}x of
Standards. Note the reliance on the melting points of gold and palladium.
Uncertainty in these values is discussed in section 6.3.




34

5.2 Selection of Candidate Lines

Our choice of element to use in the Van de Graaff to produce spectral lines for
use in absolute calibration depended on a number of factors. First, we wanted the
transitions to be strong enough to be detected without using extraordinary methods.
Therefore, they had to lie in the visible portion of the spectrum (A3000 to A7000 A).
Second, we required that each visible line be part of a branch which gave another
transition in the wavelength interval of interest, mainly lower in the ultraviolet, vacuum
ultraviolet or X-Ray range. Third, the initial and final energy levels, mean lives, and the
transition probabilities for each branch must be known. The beam-foil source has
properties that impose some additional constraints. First, the element of interest had to
be easily produced in the ion source. The candidate line should not lie atop others from
ions of different charge states or from atoms and ions of the residual gas. With these
‘requirements in mind, published articles were studied to see what suitable lines from
various elements had already been observed with the beam-foil technique.

Nitrogen was an attractive candidate, since it already comprises the greatest
portion of residual atmospheric gas, and so is one of the more abundant impurities.
Unfortunately, uncertainties in transition probabilities, A;;, are quite high, with few being
known to within 25%, and many having uncertainties of more than 50%°. Also, with an
ionization potential of only 14.5 eV, most transitions in neutral nitrogen are not
particularly energetic. The shortest wavelength (corresponding to a transition from the
series limit) is about A850 A and we wished to extend measurements further into the

ultraviolet than that.
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Oxygen was also a candidate, both because of its abundance in the residual gases
in the apparatus, and because of the astrophysical interest in some of the transitions. Like
nitrogen, however, the uncertainties in the transition rates are quite high®. At first, the
Bowen lines in OIII seemed to be good capdidates. They consist of a triplet in the visible
region and two UV transitions, one at A995 A and the other at A645 A. The A645 A OIII
line is the most intense of the set. Unfortunately, it lies atop the A645 A OII line, as
reported by Chang’. For these reasons, oxygen was not further considered.

Another good candidate was helium, though for different reasons than nitrogen or
oxygen. Helium, with its two electron structure, has only two charge states to consider,
and therefore, fewer lines with which to contend. Furthermore, a number of branches
stemming from excited states of Hel have one branch in the region around A500 A, with
another branch in some part of the visible region. This provides several calibration points
in the visible region of the spectrum to relate to the same general region of the vacuum
ultraviolet. This pattern, of course, is common to all helium-like atoms, such as Lill.
These were rejected since Li is more difficult to accelerate than He and its transition
probabilities are much less well known than those in neutral helium. In addition, almost
all of the transition probabilities in helium are known to within 10%, and a good many
are known to within 3% or better.®

At first glance, hydrogen shares many of the advantages of helium: it has a well-
known structure, the transition rates and energy levels are known with great accuracy, and
only one charge state is present. However, hydrogen transitions lack sufficient energy for

our purpose, as the most energetic is the Lyman series limit of A912 A. This line is not
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as far into the ultraviolet as those from the helium transitions.

The helium 1 transitions listed below are the ones which best meet the above

criteria. Data are from the National Bureau of Standards’®.

TRANSITION

3p 'P° —25 'S
—ls'S
4p 'P° —-3s'S
—2s 'S
—lIs 'S
5p 'P° —4s 'S
—3s 'S
-2 'S
—-ls 'S
—4d 'D

—3d 'D

WAVELENGTH
(Angstroms)

5015.68

537.03

15083.7

3964.73

522,213

33299

11013.1

3613.64

515.67

40053

12755.7

TRANSITION PROBABILITY
(x.10° _seconds™ )

0.1338

5.66

0.0137

0.0717

2.46

0.00302

0.00956

0.0376

1.28

0.00166

0.00127
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6. DATA AND DISCUSSION

6.1 Procedure

The first step in data taking was to determine the system characteristics. Each of
the system's components was examined iq turn: the spectrometer, photomultiplier tube,
electronics, and optics.

The two critical factors in the spectrometer were entrance and exit slit dimensions
and inverse linear dispersion, as was seen in equation 15. To measure the slit widths
accurately, we removed the top of the spectrometer and directed a A6328A HeNe laser
beam through each slit in turn. We then measured the diffraction pattern projected onto
a screen to determine the actual size of the slit. It was found that the slit widths were not
exactly equal, and that the dial reading was in error by as much as 5 microns. The length
of the entrance slit was measured with a calibrated reticle. Actual slit dimensions were
used in the calculations.

The formula for inverse linear dispersion is given by the manufacturer'® :

D(A) - 2dcos?-'cos¢> (24)

where d = grating spacing = 1/1180 mm per line
O = angle of grating rotation (variable entrance beam angle)
¢ = exit-beam angle

and r = distance between grating and slit = 700 mm
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This gives for D(A) a value of approximately 20 Angstroms per millimeter. The actual
value of D(A) was used in the calculations.

When considering the PMLT and electronics, our goal was to obtain the best
possible statistics. This required minimizjng dark current, while maximizing the signal
to noise ratio. Using an ordinary fluorescent light as a source, the spectrometer slits were
opened to provide a signal. We then used the PMT in the pulse counting mode, running
the signal through a Tennelec Model TC 214 amplifier and into a Tennelec Model TC
555P counter-timer. The noise, N, (dark current counts plus amplifier noise) and signal
plus noise, S+N, were measured at three different voltages and six different amplifier
settings. From a comparison of the signal to noise ratio, S/N, and amplifier setting, the
optimum PMT voltage, 800 volts, was selected. We then repeated the measurement of
signal to noise ratio as a function amplifier settings for two other amplifiers of the same
model. There were significant differences among the three, and the one giving the highest
signal to noise ratio was selected.

The magnification of the input optics appears explicitly in equation 15. The
inverse of the input optics' magnification was measured by projecting light through the
exit slit backwards through the spectrometer to the entrance slit. The light emerging from
the entrance slit was then collected by the concave mirror and focused onto a reticle. The
size of the image of the entrance slit was read directly with a calibrated eyepiece. The
ratio of the image size to set slit width gives the magnification of the optical system with
light traveling backwards through it. Inverting this number gives the proper magnification

for use in equation (15).
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As mentioned earlier, an interference filter was placed just outside of the entrance
slit to eliminate overlapping orders and reduce scattered lightt We measured the
efficiency of the filter by shining the blackbody radiation into the system with the
spectrometer set to pass the A5015 A line apd comparing the number of counts per second
with the filter both in and out of the light path. Note that with the filter set at A5015 A,
the filter could also pass A2508 A in second order. While not a helium line, this
wavelength is certainly produced by the blackbody and so could enter the spectrometer.
However, the glass envelope of the standard lamp has a low wavelength transmission
cutoff at about A3200 A. Therefore, second order light at A2508 A was not a concern at
A5015 A. On the other hand, overlapping orders would be a factor if measurements
above A6400 A were made. We discovered that the interference filter set the lower limit
of the spectral range having a low wavelength cutoff of about A4000 A. This meant that
it could not be used to make intensity measurements of the A3613 A and 13964 A helium
lines. While overlapping orders are not a concern at these wavelengths, light scattered
inside the spectrometer is, and would have to be accounted for in our calculations. Our
procedure for doing this is described below.

First we measured scattered light present. This was done by setting the
spectrometer slits to 750y, and scanning from AO to 4000 A, using the standard lamp as
a source. We expect no light from A0 to 3200 A, because of the glass cutoff.
Nevertheless, except for zero order, we observed a constant intensity of scattered light
between A0 and 3200 A. We then set the spectrometer to A3000 A and measured the

number of counts per second with slits of 200 and 400n. The only radiation measured
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must be due to scattered light of wavelength larger than A3200 A. Subtracting the counts
due to dark current gave the number of counts per second due purely to scattered light
without a filter in place. Next we adjusted the interference filter to pass A4471, 4922,
5015, and 5875 A input, and we repeated _the measurement of scattered light in order to
determine the efficacy of the filter. The filter was nearly 100% effective, reducing the
average count rate caused by scattered light to within the standard deviation of the dark
current count rate.

Next we measured the intensity of the standard lamp at the wavelength of our
selected calibration lines. To do this, the spectrometer was adjusted to pass the desired
helium spectral line, and the concave mirror was adjusted to collect light from the
blackbody. Depending on the intensity of the line, counting times ranging between sixty
and one hundred second were taken and averaged. In cases where the blackbody signal
was comparable to the noise, intensity measurements were taken with wider slits. Several
of the calibration lines (A3613, A3889, and A3964 A) lie at wavelengths beyond the
effective range of the interference filter. In those cases, we removed the filter to make
our measurements. From that measurement, we subtracted the number of counts due to
scattered light and dark current, as determined above. In cases where the interference
filter could be used, we first adjusted the spectrometer to pass the desired helium line, and
the inserted the filter, adjusting it to peak transmission.

The number of counts per second at each wavelength were compared to the
number of photons theoretically expected from the blackbody. The ratio of these two

quantities gives the wavelength dependent system efficiency. Two separate sets of data
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are shown in Table 1. Figure 7 shows the wavelength dependent system efficiency.




6.2 Data
A Slits Signal Dark | Scattered Signal | Number effic.
A (») + Noise Current Light (avg) of (10%)
(avg) (avg) (avg) photons
(calc)
(10
3613 400 917.64 197.35 176.46 543.83 4.77 1.14
+12.16 +4.75 +7.4 +8.4
3889 400 33120 197.35 176.46 2938.2 209 1.4]
+33.8 +4.75 +7.4 +32.6
3964 400 481498 197.35 176.46 4441.2 30.0 1.48
+40.03 +4,75 +7.4 %39.1
4471 400 7670.87 197.35 <10 7473.5 240. 0312
+61.43 +4.75 +61.25
4922 200 8704.0 198.75 <10 8505.2 260. 0.327
+32.7 +5.26 +32.23
5015 200 8491.5 198.75 <10 8297.7 334, 0.248
+72.2 +5.26 +72.01
5875 100 6718.8 198.75 <10 6520.1 608. 0.107
+23.3 +5.26 +22.7
Table 1: _Counts per second and wavelength dependent efficiency.

Blackbody at 16.13 Amps
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A Slits Signal Dark | Scattered Signal { Number eff
+ Noise Current Light (avg) of
(avp) (avg) (avg) photons (107
A (1) (calc)
(10
3613 400 856.3 166.2 177.7 5124 4.77 1.07 -
+25.2 +].64 +6.18 +24.4
3613 400 921.4 211.0 177.7 532.6 4.77 1.12
+7.74 +3.14 +6.18 +4.66
3889 400 31246 166.2 177.7 2780.7 209 1.33
+40.7 +1.6 +6.18 +40.2
3964 400 4742.0 175.8 177.7 4388.5 30.0 1.46
+63.8 +3.02 +6.18 +63.5
4471 400 7039.1 187.5 177.7 6851.6 240. 0.285
+36.9 +2.47 +6.18 +36.3
4922 200 7749.9 185.0 <10 7564.9 260. 0.291
+48.1 +3.87 +47.9
5015 200 8880.8 198.9 <10 8682.0 334, 0.260
+51.0 +13.6 +49.2
5875 100 5520.3 2144 <i0 5305.6 608. 0.0873
*27.5 +6.16 +22.3
Table la: Counts per second and wavelength dependent efficiency,

Blackbody at 16.13 Amps (second ryn)
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