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ABSTRACT 

The beam-foil technique has recently become a useful tool in 

atomic physics, but little attention has been devoted to the interaction 

of beam particles with the foil. In order to understand this process 

better, the relative and absolute populations of excited levels in 

neutral helium have been measured. 

An experimental system was built and calibrated with a tungsten 

ribbon standard lamp. Special care was taken to account for chromatic 

aberration, scattered light, polarization, and the linear behavior of 

the electronics and spectrometer slits. 

Helium was accelerated to 0.275 MeV by a Van de Graaff generator 

and passed through a carbon foil. Transitions in the spectral region 

between X2829 A and A5875 X were observed and the relative and absolute 

level populations per emergent neutral atom were calculated for the 

upper levels of the transitions. Beam geometry, polarization, cas

cading, and normalization were taken into account. 

The populations showed a dependence roughly proportional to the 

inverse cube of the principal quantum number, with no preferential popu

lations of the ground state. This dependence may be indicative of elec

tron recombination processes at or just beyond the last surface of the 

foil. 

Level populations with the same principal quantum number but 

different orbital angular momentum and spin were not proportional to 

x 



xi 

the statistical weights of the levels. However, they showed a tendency 

to approach statistical behavior with increasing principal quantum 

number. 

The triplet and singlet spin level populations also differ from 

purely statistical population ratios. Further, these ratios exhibit a 

slight dependence on incident particle energy in the range 0.160 to 

0.500 MeV. 

A measurement of excitation functions for the levels 4s1S, 4s3S, 

3P1?, 3p3P, 4d1D, 4d3D in this same energy range shows that the number 

of these levels per emergent atom is increasing, although the total 

number of neutral atoms is decreasing. 

We conclude that the technique developed in this work can be 

used to obtain systematic information about the beam-foil interaction. 

However, measurements of populations of helium-like and other systems 

are needed before a general theory of the interaction can be developed. 



CHAPTER 1 

INTRODUCTION 

The proposal of the beam-foil technique by Bashkin (1) in 1962 

greatly extended the possibilities for studying basic atomic properties 

through spectroscopy. Traditional light sources used by spectrosco-

pists are designed to enhance particular conditions, but they often 

suffer from many faults, such as impurities, lack of equilibrium, 

changing source geometry, and the inability to produce highly ionized 

systems. Furthermore, it is often very difficult to measure the quan

tities of emitters or absorbers present, making the determination of 

oscillator strengths difficult (1)• The use of a foil excited beam 

from a particle accelerator eliminated many of these problems and 

opened new possibilities for the study of atomic systems. After Kay's 

work (2), interest in the method rapidly grew, as is evidenced by the 

great proliferation of work using this technique C3-S). 

During the developmental years of beam-foil spectroscopy, many 

problems were encountered with the foils. There were claims that they 

got thicker, or that they got thinner C6)• The fact universally agreed 

upon was that they broke for reasons which were not understood. There 

were many proposals to minimize breakage. These included heating the 

foil, cooling it, insulating it, grounding, it, using different sub

strates, using combinations of materials (6) and so on. 

1 
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It became clear that the reason or reasons for breakage were 

not simple. Foils break due to the interaction with the beam which 

seems to indicate that the process is complicated. It was therefore 

natural that the initial engineering problems of foils should lead to 

an interest in the fundamental aspects of the beam-foil interaction. 

Early approaches to the interaction were simple. One such 

approach was to consider the foil to be a highly localized region of 

high electric field. Another was to view the interaction as two groups 

of electrons colliding and thus consider the nuclei of the foil atoms 

to be unimportant. Bickel et al. (7) attempted to include orbital con

figurations in this model by using the Lichten-Fano model (8). These 

approaches are pleasing in their simplicity. Some could suggest trends 

or guide certain experimental approaches but none had the ability to 

predict useful numerical results. 

In addition to these approaches, many isolated comments were 

made about the interaction which stemmed from sporadic, and often 

qualitative, observations of the beam-foil technique. The following 

list of observations was extracted from the literature to clearly 

illustrate the complexity of the problem. 

1. Charge equilibrium is produced in the last few layers of 

the foil (9). 

2. The charge state may be established far back in the foil, 

but the final excited state is dependent on the last molecules seen (7). 
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3. For hydrogen, the survival of excited states created deep" 

in the foil is quite improbable (10). 

4. In the formation of charge states there is a small but 

significant dependence on the nuclear charge of the target (9). 

5. In the formation of equilibrium charge distributions, the 

dependence on foil material is not expected to be significant (11) • 

6. A detailed description of the scattering of a beam of 

particles by a solid foil is not possible (12). 

7. Up to about 200 MeV the foil thickness needed to reach 

charge equilibrium increases from below 5 yg/cm2 to over 20 yg/cm2 (13). 

8. Excitation equilibrium is attained for 500 keV beryllium II 

in carbon foils thicker than 2 yg/cm2 (14). 

9. Excitation equilibrium in carbon foils is attained above 

S yg/cm2 for particles with atomic number less than 12 and energies 

below 200 keV (15). 

10. Mean life decay curve measurements for hydrogen and helium 

indicate that the S states are slightly more populated than higher 

angular momentum states (16). 

11. Stark-perturbed beam-foil hydrogen experiments indicate that 

there are more P^ than states in the initial populations (17). 

Thus, because even the grossest features of the interaction did 

not yield to simple explanations, and because of the overwhelming 

number of conflicting experimental observations, little attention has 

been devoted to the problem. At the most recent beam-foil conference 
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in Tucson, only two papers out of nearly 80 dealt with the interaction 

£18,19). 

The main problem is to establish an approach to the interaction 

problem which is well enough defined for experimenters to know which 

parameters are significant. Almost any type of beam-foil experiment 

could in some manner be used to yield information about the interaction. 

We will therefore briefly survey the possible experimental approaches 

and attempt to define the problem more clearly. 

Experimental Approaches 
and Definition of Problem 

There are as many approaches to the interaction problem as 

there are beam-foil experiments. Any experiment which gives informa

tion about the emergent atom or the foil must also tell us something 

about the interaction. From an experimental point of view, there are 

four aspects to be considered: the beam itself, the foil itself, what 

happens to the beam, and what happens to the foil. 

The beam originates in a Van de Graaff generator or other accel

erator and will have certain characteristics which are dependent on its 

origin and history. In theory the beam consists of particles of a • 

single charge state of a single element, all having the same kinetic 

energy. In practice, however, the beam may contain more than one ele

ment and more than one charge state (20,21). Furthermore, it may not 

be uniform in cross-section, and if source or focus conditions drift, 

the quantity and quality of the beam may be a function of time. 
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The foil consists of a self-supporting thin film of some 

material, usually carbon. Foils are made by evaporation of the mate

rial onto a substrate coated glass slide. There is no such thing as 

a clean foil (22). The macroscopic structure of the foil is smooth 

except for occasional pinholes or blotches of dirt. Even through an 

electron microscope (magnification p»75,000X), the foils appear amor

phous. They exhibit no crystal structure, only the same sorts of dark 

blotches evident with an optical microscope. Several fuzzy electron 

diffraction rings indicate a nearest-neighbor spacing of one to two 

Angstroms. It is still unclear how the microscopic foil structure and 

impurities affect the interaction. 

There are many foil properties and effects which must have some 

bearing on the nature of the interaction. There is evidence that the 

foil thickens with use, at least under some conditions (23). Since the 

beam particles lose energy in the foil, the foil temperature must in

crease. A reasonable estimate for the temperature change is a few 

hundred degrees Kelvin. Heating phenomena may contribute to the exci

tation process and foil damage. 

The foil also becomes black with use. This may be due to radia

tion damage or the simple charring of an impurity layer on the surface. 

Sputtering occurs when the foil atoms are knocked out of the 

solid by collisions with beam particles (24-26). Sputtering certainly 

is related to foil lifetime, since foils break fastest under precisely 

the same conditions for which sputtering is highest. 
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The foil may become charged due to loss of electrons from the 

beam. This may, as a function of time, affect the states of the emer

gent beam and give rise to large electrostatic forces in the foil. 

Breakage might be caused by the mechanical force exerted by the beam 

particles on the foil. However, this force, calculated from the energy 

loss, is of the order of 10"3 dynes. The foil is able to support more 

force than this by several orders of magnitude, so mechanical forces 

are not the whole answer. Breakage must be due to a combination of 

processes, which if more fully understood, could lead to a better under

standing of the interaction. 

The emergent beam contains most of the pertinent information 

about the interaction. The problem lies in the extraction of the infor

mation. A given beam emerges from the foil with a rather well-known 

charge state distribution (27), but with a poorly-known excited state 

distribution. The particles lose energy and are scattered by the foil 

(28,29). If the foil has a regular crystalline structure and is prop

erly aligned, channeling can occur. 

Beam radiation may be polarized, indicating alignment of certain 

energy states. Quantum beats which are observed with and without 

applied fields, indicate the presence of coherent mixtures of J levels. 

Recently, elliptical polarization corresponding to orientation of beam 

ions has been observed with tilted foils (30). X-rays and Auger elec

trons have been observed (31,32), indicating that inner shell excita

tions as well as outer shell excitations occur. 



7 

The problem therefore is not so much lack of information as it 

is an overabundance of information. Before one decides which of the 

many possible approaches to take one must decide what the relevant pa

rameters are. This problem is compounded by the lack of any explanatory 

theory. Two theories which may apply are the Lichten-Fano model (8) and 

the statistical model (33). However, these were developed primarily for 

atom-atom collisions. Since the beam-foil interaction is a special case 

of the particle-solid interaction, these theories can only be partially 

valid. 

If, as has been suggested by Garcia (10), states created within 

the foil cannot survive until the ion emerges, the last interaction the 

ion makes as it leaves the foil must be the most significant one. There 

is evidence to support this claim partially (19). Yet the observation 

of x-rays after the foil (34) indicates that certain states may survive 

long enough to traverse the foil intact. Further, the foil interior 

must be important, at least to the extent that the ion is prepared into 

the state that "sees" the final interaction at the last surface. 

The model of the foil we propose is shown in Fig. 1 (19). Each 

region of the foil plays some role in the production of the final ob

servable state. The region we have termed "immediately beyond surface" 

will have to be considered as part of the foil as far as the interaction 

is concerned. The model is offered to classify the processes and to aid 

in visualizing the overall interaction. 

With this model in mind, we will understand the interaction when 
_ i 

we are able to predict the observed beam and foil processes. Explicitly 
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stated: Given a beam of incident particles of atomic number energy 

E, charge state Q, and a foil with thickness t, atomic number Z2, den

sity p, and structure S, we should be able to predict 

1. the charge state distributions, 

2. the excited state distributions within a charge state, 

3. the x-ray and ejected electron spectra, 

4. the energy loss and scattering profile, 

5. alignment and orientation of excited states, 

6. sputtering rates, 

7. channeling, and 

8. changes in foil character with time. 

Finally, we recall our starting point. This information will 

be valuable from two points of view. The first is an understanding of 

the mechanisms of the interaction with implications for the general 

particle-solid interaction. The second is the engineering question of 

how to increase foil lifetimes, and, more generally, how to maximize a 

given process through the right choice of beam-foil conditions. 

Motivation for Absolute Intensity Experiment 

Our interest in the .interaction began with the role of the 

microscopic foil structure. With the aid of Dr. Louis Demer of the 

Department of Metallurgy of The University of Arizona, we took many 

electron microscope photographs of foils, both micrographs and diffrac

tion photographs. These were done for foils of many conditions of 

preparation and use. We found some evidence for increased foil crys-

talUnity with beam bombardment time. 
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We used the heating stage of the electron microscope to observe 

a carbon foil as it was heated. At 800 °C crystallization-appeared, 

yielding hexagonal dark areas in the micrographs. These were often 

surrounded by tears in the foil. Evidently, during crystallization, 

material is taken from surrounding areas to form the crystallites, 

which are aligned with the thickness dimension of the foil. An esti

mate of the overall heating of the foil due to energy loss yields only 

a maximum of about 300 °C, which is not enough to cause crystallization. 

If it did occur, it would cause the interaction to be time dependent 

because energy loss and scattering will change as the foil becomes pro

gressively more crystalline. Furthermore, the process may contribute 

to the ultimate breakage. 

This work, although interesting, did not get to the fundamental 

aspects of the interaction itself. We next directed our attention to 

the role of the last foil layer in the production of charge states. 

This work was reported at the Tucson beam-foil conference (19)• We give 

only a short summary here. We evaporated a new gold layer on a carbon 

foil in the target chamber under vacuum and measured the charge state 

distribution of the beam after the foil. When the effects of additional 

energy loss were removed, we found a 10% to 15% "neutralization" of the 

emergent beam. We then measured the charge state distributions as a 

function of time after evaporation. After several hours (actual time, 

not time in the beam), the charge distribution from the gold returned 

to that of the initial dirty carbon. We conclude that residual gas in 

the target chamber slowly is deposited on the gold, changing the surface 
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back to its original composition. Hence we conclude that the last layer 

of a carbon foil is mostly impurities and that it is important to the 

interaction which determines charge states. 

This work was also interesting but was too specific to give a 

general description of the interaction. From our definition of under

standing the interaction, we see that only two of the eight predictions 

have not been well documented, changes in foil character with time and 

the excited state distributions within a charge state. Hence we decided 

to measure absolute excited level populations after the foil for a 

simple atomic system. By absolute populations we mean the probability 

of creating a given excited level in an emergent ion of a given charge 

state. 

We chose neutral helium which has a simple energy level system. 

It contains states with a good range of quantum numbers. It also has 

many spectral lines in the visible and near-ultraviolet, a region for 

which black body standards are calibrated. A diagram of the energy 

levels with the spectral lines we observed is shown in Fig. 2. 

The charge state distribution for helium through carbon foils 

given in Fig. 3 (35).shows that the neutral fraction decreases rapidly 

with energy. We chose helium accelerated to 0.275 MeV because this 

energy will produce a moderate number of neutrals and it is the lowest 

energy at which we can expect stable operation of the Van de Graaff. 
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The wavelengths of the transitions are in Angstroms. 
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CHAPTER 2 

SUMMARY OF EXPERIMENTAL 
PROCEDURE AND APPARATUS 

We accelerate helium to 0.275 MeV, direct it through a carbon 

foil, and measure the probability per emergent neutral that the atom 

will be in the quantum level n, £, s. We detect the level by observing 

radiation emitted during a transition from the initial level n, &, s 

to a final level. 

To measure an absolute number of atoms in a given level per 

emergent neutral atom, we need to observe an absolute number of photons 

per emergent neutral atom. The usual beam-foil counting experiment 

gives the relative number of photons only. Therefore we calibrate the 

system using a black body standard to relate observed counts to a 

known number of photons. 

There are three basic steps. We calibrate the system; we 

measure counts per emergent neutral atom; we calculate the number 

in a given level n, s per emergent neutral atom. 

The system is calibrated as follows. Light from a black body 

standard lamp passes through an optical system and wedge interference 

filter which decreases the scattered light in the spectrometer. The 

wavelength X is then selected by the spectrometer and enters a photo-

multiplier tube used as a photon counter. The signal is amplified and 

14 
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appears as some number of counts per second. From the geometry of the 

black body and optical system and the properties of the spectrometer, 

we calculate the number of photons per second entering the photomulti-

plier. We then calculate the efficiency of the system, namely, counts 

per photon. 

Next the 0.275 MeV beam of singly ionized helium particles is 

passed through the carbon foil. With an optical system identical to 

that for which the calibration is performed, we observe the light 

emitted by the beam particles. Two methods of normalization are used. 

One utilizes light per unit beam charge, the other the spectral inten

sity of one helium line. Finally, from a knowledge of the system 

efficiency, beam and target chamber geometry and the mean lives and 

transition probabilities (Appendix A), we calculate the population of 

each quantum level n, A, s. 

The experimental apparatus we used is shown in Fig. 4. The 

electronics for the two normalization modes are shown in Figs. 5 and 6. 

Some considerations which appear arbitrary in the following detailed 

descriptions will be clarified later. 

Optical System and Spectrometers 

The basic design considerations for the optical system were 

that it be achromatic and that it view the beam and the standard lamp 

symmetrically. Hence, we used a concave mirror with radius of curva

ture 74.5 cm and diameter 10.96 cm. The beam and the surface of the 

tungsten filament are at the center of curvature of the concave mirror, 

the light being reflected to it by two 45° plane mirrors. A lever 
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mechanism rotates the concave mirror into either position from the out

side of the box. The magnification of the optical system is one. The 

optical system was designed such that its f number matches that of the 

spectrometer. 

The optical system for spectrometer 82 views the target chamber 

from underneath with a 45° mirror and quartz lens. Chromatic aberration 

is not critical here since this spectrometer passes a single line for 

normalization purposes only. 

The spectrometers are both Heathkit EU700/E Scanning Monochro-

mators with f/6.8 at X2000 X and focal length 35 cm. Before entering 

spectrometer ft 1, the light passes through an Oriel Filter Monochromator 

#7155. Both spectrometers are equipped with EMI 6256S photomultiplier 

tubes. 

Standard Lamp 

The standard lamp is a GE 30AT24 ribbon filament pyrometer with 

a pyrex envelope. Its calibration is traceable to the National Bureau 

of Standards. The certificate of standardization is shown in Fig. 7. 

The lamp is powered by a Kepco regulated DC power supply. The current, 

stable to approximately ± 2 parts per thousand, is read on a digital 

voltmeter across a Leeds § Northrup 0.01 ii resistor. 

Target Chamber 

The beam is viewed by the optical system through quartz win

dows. The target chamber has a square stainless steel beam definer 

and a holder for seven foils which may be moved up- and downstream 
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either by an external motor or knob. A 500 ft helipot with a 6 volt 

battery and a digital voltmeter were calibrated to give a direct mea

surement of the distance x downstream from the foil. The beam termi

nated at the end of the target chamber in a shielded Faraday cup 

equipped with a suppressor ring at -160 volts to return ejected elec

trons to the cup. 

Electronics 

The electronic system is operated in two modes as depicted in 

Figs. 5 and 6. For the charge normalization method, the beam terminates 

in a shielded, suppressed Faraday cup which is connected to a current 

digitizer and counter. When a fixed number of microcoulomb counts are 

collected, a gate stops the photon counting system and the counts per 

unit beam charge are recorded. For line intensity normalization, a 

second counting system records counts from one fixed spectral line, 

A4713 X, while the main system records counts from the spectral line 
of interest, The two counter systems are gated together so that 

counts on both are printed simultaneously after a predetermined time. 

The counting system was set up with great care to insure that 

the photomultipliers were never saturated by any signal. The amplifiers 

and discriminators were set to obtain optimum signal to noise ratios. 

We used neutral density filters to show that all gains were linear over 

the entire range of count rates. 



CHAPTER 3 

CALIBRATION 

In this chapter we discuss the entire calibration procedure, 

both theoretical and experimental. We determine the efficiency of the 

system by relating a known number of photons per second from the source 

to the observed number of counts per second from the electronics. 

Theory 

A black body provides a source of photons for which the actual 

number of photons per second per unit wavelength interval, per steradi-

an, per square centimeter emitted from the source can be calculated 

from Planck's Law. A standard device for this purpose is a commercially 

produced tungsten ribbon filament lamp, the calibration of which gives 

the brightness temperature in degrees Kelvin as a function of filament 

current. 

According to Planck's Law, a perfect black body radiator has an 

intensity distribution given by: 

^ ̂ ehc/m , x " cm2 sTster ' ™ 

Since our study covers the wavelength region of X2000 A to X6000 X, 

he/XkT 
where e » 1, we may use 
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I(X)dX = e"hcAkT , erg,s . (2) 
X° cm* sec ster 

From this we must determine how many photons per second could 

enter the photomultiplier. Let Pĝ  be the power of the source in ergs 

per second which could be detected. 

Psd = ICX) E(-X>T) xGa:i As AndX (3) 

where 

E(A,T) = emissivity of tungsten, 

tgCAD = transmission of the pyrex lamp envelope, 

Ag = area of the black body filament observed, 

Aft - solid angle subtended by optical system. 

But As = (L W )/M2 where and are respectively the length and width 

of the entrance slit. M is the magnification of the optical system. 

Thus, 

psd = e~hc/xkT E(X,T) TGCX3 4C!dx . (4) 

Now dA is the wavelength interval which passes through the exit 

slit of the spectrometer. The region of the spectrum selected by the 

exit slit depends on the linear dispersion of the spectrometer and 

the exit slit width Wg. The exit slit width equals the entrance slit 

width on our spectrometer. Thus dX = D0(A) • W . Therefore, X* s 
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o L 
n _ 2hcz ^-hc/AkT f ri <ri _ s s n ,r̂  sd " ~ e ECA.T) TG(Jl) -̂ J-D^CA) . (S) 

Finally we convert ergs per second to photons per second and 

obtain 

„ . e~hc/XkT e(A,T) tgCX) Elm . (6) 

T in the above equation is the brightness temperature in degrees 

Kelvin. However, since the lamp is calibrated in brightness 

temperature S, we use the relation 

T = (£|tn tE(X,T) tG M ]  + I ] " '  ( 7 )  

to convert brightness temperature S to absolute temperature T. This 

relation is derived in Appendix B. 

Corresponding to the number of photons per second given by Eq. 

(6) we will observe some number of counts per second in the counter. 

The system efficiency is defined by 

- C counts/sec rjn 

** ~ N photons/sec 

Determination of efX) constitutes calibration of the system. 

Calibration Experiment 

The experiment is simple in principal. A portion of the tung

sten filament is observed with an optical system and spectrometer. The 
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measured counts per second from the photomultiplier are related to the 

calculated numbers of photons per second. In practice, however, there 

were several problems in this procedure which demanded special attention. 

They were chromatic aberration, scattered light, slit calibration, and 

polarization. 

Chromatic Aberration 

The first optical system we used consisted of four quartz lenses 

arranged in pairs such that the magnification was one. Since the focal 

length of these lenses was a function of wavelength and they were to be 

used over the whole visible region, we suspected that chromatic aberra

tion effects would complicate the intensity calibration. Indeed, calcu

lations showed that the focal length of each lens varied about a centi

meter over our spectral range. Also, since the beam is a volume source 

and all portions of it do not focus in the same plane, very large light 

losses were expected for some parts of the beam at certain wavelengths. 

Even when we altered the system such that the lenses could be 

focused for each wavelength, the imaging properties of the lenses made 

it impossible to determine accurately (visually or with a photomulti

plier) the exact focal point. At this point we decided to build an 

achromatic system. 

Scattered Light 

Because the black body lamp is a continuous intense source, many 

photons of all wavelengths above ̂  X2900 A (the approximate cutoff of 

the pyrex window) will enter the spectrometer. The .grating and slit 
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select out the wavelength interval AX at X to be passed to the photo-

multiplier. However, light of other wavelengths than that selected by 

the slit may be scattered in the spectrometer and enter the photomulti-

plier, causing a signal unrelated to the number of photons of a partic

ular wavelength X being observed. The problem is severe for the 

standard source, but not for the beam. The differences in intensity 

and wavelength distribution of the two sources could introduce a large 

error in intensity comparisons. 

The scattered light in the spectrometer has several sources (36). 

The main source is the grating, which for zeroth order acts as a simple 

mirror. Other sources are light scattered and reflected from imperfect 

optical elements, diffraction effects due to the slits and reflection 

from inner surfaces of the spectrometer. We minimized the scattered 

light by inserting a narrow band pass filter monochromator into the 

optical system such that only radiation in a small spectral region about 

the wavelength X of interest entered the spectrometer. The filter was 

placed at a position in the optical path to minimize scattering but to 

leave unaffected the f number of the optical system. Figure 8 shows a 
• 

ray diagram of the optical system. 

The width of the filter that can pass a given wavelength X is 

about two millimeters. The only places where the cone of light is 

smaller than this is at the lamp filament or at the entrance of exit slit 

of the spectrometer. For the f number of our spectrometer, the filter 

placed 5 cm away from the slit "sees" a light cone approximately 7 mm 

wide. This would reduce the solid angle of the system. See Fig. 9. 
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This shows that the filter would act as a stop of the 
system if the cone of light passing through it were too 
large, a' would be the new solid angle. 
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To get the filter as close as physically possible to the slit we dis

assembled the spectrometer slit and milled a slot for the filter 0.5 cm 

away from the slit. We achieved a light cone less than a millimeter 

wide at the filter, thus solving the problem of scattered light. 

Slit Calibration 

Because the black body lamp is very intense and measurements 

made with it had to be done at fairly narrow slit widths, the slit width 

had to be accurately known. For example, at a 20 y slit width, an un

certainty of ± 1 ii leads to a ± 10% uncertainty in the number of photons 

per second from the lamp. This is especially important because the 

beam-foil source and the tungsten source have greatly different inten

sities and are not observed at the same slit width settings. 

Since to mill the slot, the entrance slit had to be entirely 

removed, disassembled, and finally replaced, the realignment and recal-

ibration of the slits was absolutely necessary. By measuring the inter

ference fringes produced by laser light diffracted from the slits, the 

slits were set to have the same width to within one micron. We then 

ascertained that the slits opened linearly above 10 y by using a line 

source and noting that the intensity was proportional to slit width. 

Furthermore, we showed the calibration to be highly reproducible for 

readings made after opening the slits (increasing slit width). Readings 

made after closing the slits (decreasing slit width) were not as repro

ducible and therefore were avoided throughout the experiment. 

The intensities measured in these experiments varied greatly 

from the extremely intense black body radiation to the very weakest 
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of spectral lines from the beam. We therefore determined at what count 

rates the photomultiplier would become saturated and thus begin to show 

nonlinear effects. All counting rates were kept below 15,000 counts per 

second by adjusting slit widths on the spectrometer. 

Polarization 

The optical system and spectrometer will partially polarize un-

polarized light. If the black body radiation were polarized, there 

would be additional problems with the calibration. This is not the 

case, as is shown in Chapter 4. The radiation from the beam is polar

ized, and this problem is also further discussed in Chapter 4. 

Intensity Calibration Results 

The calibration was made by setting the spectrometer at the 

desired wavelength A, adjusting the interference filter to pass the 

maximum intensity at the wavelength and then recording counts per 

second for a certain length of time. Measurements were repeated three 

times on different days separated by about a week, and averaged. The 

average N1 with statistical errors as a function of wavelength is 

given in Table 1. The lamp current was stable to within ± 2 parts per 

thousand while measurements were being made. 

Furthermore, as the experiment progressed, each measurement was 

periodically checked over a three month period and found to be within 

the range of uncertainty given. In fact, the results were found to be 

so consistent, that we could trust them to indicate malfunctions of the 

system. When the counts per second were not reproducible, it was a 

good indication that some other part of the system had failed. 
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We then calculated the number of photons per second emitted by 

the standard lamp. The emissivity of tungsten was taken from De Vos 

(37). The linear dispersion was calculated from information given in 

the Heathkit monochromator manual (36). 

The transmission of the pyrex lamp window as a function of 

wavelength was provided by T. Lusk of General Electric Company (39). 

The calculated number of photons per second N is shown in Table 

1, as is the calculated system efficiency e(A). e(A) is plotted in 

Fig. 10. 

Uncertainties for System Efficiency 

Uncertainty in Counts per Second 

The uncertainties listed in Table 1 for N' are the standard 

deviations of the observed count rates over a period of several weeks. 

These are generally somewhat greater than the expected statistical 

uncertainties for the following reasons. 

The position of maximum light intensity for the interference 

filter was difficult to reproduce. Even though great care was taken 

to obtain the maximum light each time, less than a millimeter difference 

in the position could cause a 20% difference in counts per second. 

The entrance slit which was removed in the process of providing 

a slot for the filter cause some difficulty. Most of the measurements 

were made shortly after the slits were recalibrated and hence represent 

the best possible conditions. Some of the points needed to complete the 

curve (indicated in Fig. 10) were taken several months later. During 
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Table 1. System efficiency for X3800 X to A6000 X. 
The numbers in parentheses are (a) the percentage uncertainty 
for absolute calibration, (b) the percentage uncertainty for 
relative calibration, and (c) the observed uncertainty. 

X 
'(A) 

N 
photons/sec x 106 

N' 
counts/sec 

e(A 
e(X 

= N'/N 
x 10-3 

X 
'(A) 

(a) (b) (c) a) (b) 

3819 1.5 (25) (2) 2391 C7) 1.6 32) (9) 

3867 1.1 (24) (3) 1753 (3) 1.6 27) (6) 

3889 1.2 (24) (3) 1899 (4) 1.6 28) (7) 

3964 1.7 (24) (3) 2625 (1) 1.5 25) (4) 

4026 2.2 (24) (3) 3244 (3) 1.4 27) (6) 

4121 3.4 (23) (3) 4390 (2) 1.5 25) (5) 

4144 3.7 (23) (3) 5344 (4) 1.4 27) (7) 

4169 4.1 (23) C3) 6021 (2) 1.5 26) (5) 

4389 9.6 (22) (3) 12191 (4) 1.3 26) (7) 

4437 5.0 (22) C4) 6384 (1) 1.3 23) (5) 

4471 5.6 (21) (4) 7191 (2) 1.3 23) (6) 

4713 12.5 (20) C4) 12454 (1) 1.0 21) (5) 

4922 14.6 (21) (5) 11777 ' (4) 0.8 25) (9) 

5015 10.4 (20) (7) 7361 CD 0.7 21) (8) 

5047 11.3 (20) C7) 7544 (2) 0.7 22) (9) 

5875 69.4 (18) (7) 7729 (2) 0.1 20) (9) 
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this interval it was noted that, even though the wavelength drive is not 

connected to the slit drive, use of the fast slew wavelength drive 

caused the slits to vibrate and close slightly. After a period of time, 

the entrance slit was no longer properly calibrated. The error, no 

more than one or two microns, did not affect beam measurements where 

slit widths were of the order of 500 y. However, the effect on the 

black body calibration was much more pronounced, causing all the later 

points to lie a bit lower than the earlier ones. 

Lamp current variations affect the number of photons per second 

emitted and therefore, the count rate. At the current of 16.50 amp 

which we used, the variation was about ± 0.02 amp during the time mea

surements were made. This corresponds to slightly more than 1 °K in 

brightness temperature. However, this very small (0.06%) uncertainty 

in temperature results in approximately a 1.5% uncertainty in photons 

per second at A4500 X. 
We took care to insure the reproducibility of the lamp tempera

ture as it was turned on from one time to the next. According to 

Kostkowski and Lee (38, p. 14), even the ambient room temperature 

affects the brightness temperature. We found we could satisfactorily 

cool the lamp with a stream of air. 

Perhaps the best indication of all these effects is to study 

the uncertainties listed in Table 1. This gives, all things considered, 

the count rate variability over a period of several months. It is 

remarkable how consistent the results are. 
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Uncertainty in Photons per Second 

Consider F = F(xj....xn) a function of n independent variables. 

The fractional error of the function is given by 

From Eq. (6) above 

N  =  N [ E ( A J T ) , R G C A ) , L S , W S , M F A F L F D J L ( A ) I T , A ]  ( 1 0 )  

and hence 

assuming that all uncertainties are independent. We now evaluate these 

terms. 

1. St^CA)/x,,(A) . The transmission curves for Corning #7740 b (j 

were furnished by the General Electric Company. If the uncertainty is 

about ± 1% in the transmission, then 6T_CA)/T„(X) varies from 7% at 
U U 

A2900 X to 1.1% at wavelengths greater than A3650 A. 

2. 6Ls/Ls- The length of the entrance slit is defined by the 

diameter of a circular aperture placed at the slit. This, 6L /L = 

0.01/0.37 = 0.027. 
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3. (2SM)/M. The system magnification is measured by shining a 

light backward through the spectrometer and measuring the size of the 

image at the position of the tungsten filament. This gives M = 1 ± 0.01 

or (2<5M)/M - o.02. 

4. The solid angle is that angle into which light may 

be radiated from a point on the surface of the filament and still enter 

the spectrometer. AS1 « [1 - (t//r2 + r2)]; r is the radius of curvature 

of the concave mirror (74.50 cm); Sr = ± 0.20 cm; R is the radius of the 

mirror (5.48 cm). This value of the solid angle represents that portion 

of the mirror which is actually used in accordance with the f number of 

the spectrometer. From a knowledge of the angles and geometry, the 

uncertainty in the f number is approximately ±0.1 over our wavelength 

range, leading to 5R = 0.08 cm. Thus SAQ/Afi = 0.030. 

5. <SD^(^)/D^(X) . From the Heathkit Manual (36) 

n ^ dX 2d cos 0 cos <fi 
" d3T - T ' U J 

d is the distance between successive grating lines in Xngstroms. There 

are 1180 lines per millimeter or 8.47 x 10"1* millimeters per line. 9 is 

the angle of grating rotation with respect to the grating normal when 

the grating is in the zeroth order position. $ is the constant exit 

beam angle = 17.5°. This is the angle between the exiting light beam 

and the normal to the concave focusing mirror in the spectrometer, 

r is the grating-to-slit distance = 700 mm. Thus 



36 

To obtain an estimate of the maximum value for 6D0(A)/D.(A) we have J6 X) 

M . 7.18 x 10-7 _ 
d 8.47 x 10"^ 

5 cos 0 
cos 0 

= 0.009 at worst Cl° out of 26° at A7000 X) } 

6 COS * = 0.005 (1° out of 17.5°) , 
cos <f> v J * 

= 1 x 10 5 (5 out of 700 mm) , and thus 
r 

<SD CAD 

D£(A) = °'01 * 

6. Emissivity of Tungsten. The uncertainty comes from three 

sources, the uncertainty in A, the uncertainty in T, and the experi

mental uncertainty fiE^CAjT). Assuming these uncertainties are indepen

dent, we have 

«]" * hp- «f * kh* f. 

(14) 

To first order, 6T ^14 °K (see #8 below). 3E/8T at 1628 °K and A6650 A 

is equal to 2 x 10-tf °K; 3E/3A at 1628 °K and A6650 is equal to 1 x 10~5 

SE^CAjT) for A > A3200 X is equal to ± 0.01, all from De Vos (37). 

Then, 

= -TF [7.84 x 10"6 + 1.00 x 10"10 + 1.00 x 10"'*]'5. 
ECA.T) -45 (15)  
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We neglect the temperature (first) and 9E/SX (second) terms, as they are 

much less than the experimental uncertainty. Thus 

6E(X,T) _ Q 023 Q6) 
E(A,T) * ' U J 

The uncertainty in E(X,T) is essentially independent of the uncertainty 

in X and T. 

7. (26Ws)/Ws- Immediately after calibration, 6Wg = ± 1 p. 

Since the slit width used depends on the wavelength, this uncertainty 

is calculated separately for each wavelength and ranges from ± 0.07 at 

X5875 A to ± 0.02 at X3819 A. 

8. Uncertainty in Temperature. 

A. Brightness temperature S: The uncertainty has two sources, 

the fluctuation of current 3S/3I and calibration uncertainty 6S . We 
c 

have 

,2 -,h 
5S_ 
S - I [css/ • (IfSI] ] c17' 

assuming the uncertainties are independent. 5S = 14 °K from Kostkowski 

and Lee (38, p. 14) and from information from T. Lusk of General Elec

tric Company (39). SS/3I = 62.50 °K per ampere from calibration curve; 

61 = ± 0.02 amperes (observed fluctuation), corresponding to 6S = 1 °K. 

Therefore, 6S/S = 0.009. 

B. Absolute temperature: We have the relationship (see Appen

dix B) 

rX.k --1 
T = in IBCX.T) T gU)] + . (18) 
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The largest contribution to T comes from S and the largest contribution 

to the uncertainty also comes from S. The first term in Eq. (18) will 

add another 3 °K uncertainty so that 6T = 17 °K. Therefore 6T/T = 0.01. 

9. 5A/A. From the Heathkit Manual (36), the uncertainty in \ 

O 
is ± 1 A. The uncertainty in X is calculated separately for each wave

length. 

The final form of the uncertainty in photons per second is 

[ f  \ ̂ \ ̂  /9(SW \ ̂  •z no m-3 f^C <5T| he 4| A f s] 1 
3.08 X 10 » +  ̂- xj • L-T^-J J • 

The total uncertainty, which is dominated by the uncertainty in photons 

per second, is calculated from this equation and is given in Table 1. 

This is the uncertainty to be used in calculating absolute populations. 

To calculate relative populations we are concerned not with the absolute 

number of photons but with the ratio of photon counts from two different 

spectral lines. In this case, only the last three terms in the above 

expression contribute to the uncertainty. For the second term we use 

only the ± 1 °K temperature variation which is due to the current fluc

tuation. This leads to a 1% uncertainty, to be added to the results of 

the last two terms. The uncertainties to be used for relative popula

tions are also shown in Table 1. 

Uncertainty in Efficiency 

The uncertainty in counting rates depends on the one to two 

percent temperature fluctuations of the standard lamp. This is the 
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primary source of uncertainty in the photon emission rate. Therefore 

the uncertainties in the calculated number of photons per second N and 

in the observed counting rate N' are not independent. Thus 

These values are also shown in Table 1. 

Extension of Calibration Below A3800 X 
To obtain populations for as many helium lines as possible we 

extended the intensity calibration into the ultraviolet. Two problems 

occurred here. The pyrex envelope of the standard lamp has a small 

transmission below A3000 X, this being the ultimate wavelength limita

tion of the calibration. Also the filter used to eliminate scattered 

light does not transmit below A3800 A. 

The transmission curves for Pyrex #7740 show that the absolute 

lower limit for transmission is A2725 X. Any signal below this cutoff 

must be scattered light. The scattered light is evident in Fig. 11 

which shows a spectral scan below A3600 A and the black body curve in 

that region. The scattered light is also a function of slit width. 

We extended the calibration to X2800 A by calculating photons 

per second.as before (Table 2), but by measuring counts per second with

out the interference filter in the optical path. We then extrapolate 

the zero slope straight line of Fig. 11 from A2800 X to A3800 A and 
subtract this amount of counts per second (depending on the slit width 

used) from the counts per second observed for a given wavelength. The 

results are shown in Table 2, where efficiencies from A2800 X to A3800 X 
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Table 2. System efficiency below X3800 A. 

The numbers in parentheses are (a) the percentage uncertainty 
for absolute calibration, (b) the percentage uncertainty for 
relative calibration, and (c) the observed uncertainty. N' 
has been corrected for scattered light. 

X N N' e(X) = N'/N 
(X) photons/sec x 10^ counts/sec e(X) x 10~3 

(I) (b)~ (5" (5 (tO 

2829 0.6 (35) (7) 9 (675) 1.4 (710) (682) 

2945 3.3 (32) C7) 50 (13) 1.5 (164) (139) 

3187 22.5 (30) (6) 374 (12) 1.7 (42) (18) 

3447 40.8 (27) (4) 1462 (3) 3.6 (30) (7) 

3613 85.7 (26) (3) 3312 (2) 3.9 (29) (5) 
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t 

are also given. The uncertainties are calculated as before but the 

measured uncertainties are larger. 

That the scattered light behaves between X2800 X and X3800 X as 
it does below X2800 A is clearly subject to doubt as is suggested in 

Fig. 12. The EMI 6256S photomultiplier cuts off at approximately X6500 

A but "sees" radiation up to X9000 X. Because it is not a zero slope 

straight line as it is below X3800 X, somewhere between X3800 X and 
X6500 X the scattered light reaches a maximum. There is no easy way 

to determine its wavelength-intensity distribution. 

The spectral lines for which calibration points are needed are 

X2829 X, X2945 X, X3187 X, X3447 X, and X3613 X. For the first three 

spectral lines the use of a flat scattered light curve is reasonable; 

the last two lines might have larger uncertainties. However, they may 

be useful in establishing trends in the populations. 

Discussion of Calibration Results 

The overall efficiency of a system such as ours depends on many 

factors. These include the reflectivity and transmittance of optical 

elements, the transmission of the spectrometer, the quantum efficiency 

of the photomultiplier, amplifier gains, and discriminator levels. 

Except for minor wavelength variations we find the overall shape 

of the efficiency curve is essentially dictated by the quantum effi

ciency of the photomultiplier, as shown in Fig. 13. The tube data 

taken from EMI technical information (40) shows a difference of about 

two orders of magnitude between tube efficiency and system efficiency. 

A rough experimental measurement of the grating efficiency yields about 
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13%. When the reflectances and transmittances of all other optical 

elements are taken into account, the total optical efficiency is about 

3%. This is very nearly the two orders of magnitude needed to account 

for the difference between the total efficiency and the photomultiplier 

efficiency. 

Thus, although it initially seemed that efficiencies of the 

order of 10"3 to 10-4 were abnormally low, we have been able to account 

for nearly all the lost intensity. 



CHAPTER 4 

BEAM INTENSITY MEASUREMENTS 

In this chapter we discuss the theoretical considerations 

needed for calculating quantum level populations. We also discuss 

problems which arise in the experimental measurements. 

Theoretical Calculations 
for Beam Intensity Measurements 

We will relate the counting rate from the beam to the number of 

excited levels n, Z, s per neutral atom at the foil. We take into 

account geometry and polarization. 

Geometry 

The beam is an extended volume source. Therefore radiation 

observed by the spectrometer can come from any point within a certain 

volume, the size of which is determined by the extent of the beam and 

the properties of the optical system. 

The optical system is arranged to focus the spectrometer slit 

onto the center of the beam with magnification one. The beam height 

is defined by a square aperture one centimeter upstream from the foil. 

The shape of the beam section which radiates into the spectrometer is 

shown in Fig. 14. 
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The size of the light cone and the trapezoidal volumes of beam 

in Fig. 14 are determined by the dimensions of the concave mirror and 

its radius of curvature. 

The coordinate system used is as shown in the figure, with the 

exception that Z is to be measured from the center of the concave mirror. 

At the center of the beam (also the center of the slit image) Z = r, the 

radius of curvature of the mirror. 

At any point (x,y,z) in the volume, M = N(x)A^^ photons per 

second are radiated isotropically into 4tt steradians by the beam. N(x) 

is the number of initial radiating levels per unit volume present at a 

distance x downstream from the foil. A^ is the radiative transition 

probability per second for the initial state i to go to the final 

state f. 

The fraction of the beam from a given point (x,y,z) in the 

volume radiating into the solid angle defined by the collection optics 

is 

M = N(x) [l - 2 ] (21) 
t ^R2+Z2 

where R is the radius of that portion of the concave mirror which is 

used in accordance with the f number of the spectrometer. Equation (21) 

must be integrated over that volume of the beam from which light may 

enter the spectrometer. 

Instead of integrating in the Z direction, it is convenient to 

break the volume into slabs in the x-y plane with width AZ and then sum 

on Z. Consider the jth slab. The number of photons observed from it is 
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A.f r  Z. i f t  -a.x/v 
M. = 1 - I . N e 1 dxdy AZ (22) 
3 2 V /R2+Z2 J JJ o 

J 

where N(x) has been replaced by the beam-foil exponential decay expres-

-oijx/v 
sion N e N is the number of initial states per unit volume at o o r 

the foil. The y integration is over the beam height, the x integration 

includes the width A of the trapezoidal cross section as a function of 

Z. Thus 

f Z. -) -a.x/v a. A. 
M. = N A.- 1 - J JL AZ — e 10 sinh -^-3- (23) 

J o if [ /r2+z? J b a. v 

J 

where is the beam height, v is the velocity of the beam particles 

after passing through the foil, is the total transition probability 

per second of initial state, and Xq is the distance downstream from the 

foil to the center of slit image. A. = W /2 + |r-Z.l— where W is the 
& j s' 1 j1 r s 

slit width, r is the radius of curvature of the mirror, and R is the 

mirror radius. 

Only the center slab (i.e., the slit image) is focused with 

magnification one at the slit. The other slabs will not be focused at 

the slit and will have a magnification other than one. Hence only a 

fraction fjj will enter the slit. Finally, the light passes through 
j 

the quartz target chamber window, which has transmission t^. Thus we 

have 

-a.x /v r  Z. -j a.A. 
M  =  N  A . - e  1 0  A ,  —  A Z  t £ 1- 3 f- sinh -=^~ (24) o if b a Q I /R2<.Z2 J Zj V 

3 
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or 

M = NqZg . (25) 

The function Z^, is computer evaluated for each spectral line observed. 

The effects of beam geometry can be evaluated very crudely with 

approximately the same results. Since the beam cross-section is small, 

we can use a rectangular cross-section the size of the slit width, and 

assume no exponential decay in this interval. With these assumptions, 

the following equation results: 

M 
• No i1 - /r^+Z^ 

A.r -a.x /v 
if _ x o 

'b"b*sf e • w 

where w, is the beam width and W is the slit width. When the results 
b s 

of this equation are compared with the computer calculation for several 

lines, a difference of approximately 7% occurs for 1000 micron slit 

widths. The exponential decay is very small so most of the difference 

results from the Z-integration. 

Seven percent is small compared to other uncertainties in

volved in the experiment, but we nevertheless feel that for the sake 

of completeness it is worthwhile to evaluate the geometrical factors 

correctly. 

Polarization 

It is well known that the light from the beam may be polarized 

C41). Therefore the above calculation, where the radiation was 

assumed to be emitted isotropically, must be modified to account for 
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polarized radiation. (See Appendix C.) The intensity of radiation 

emitted at angle 0 to the beam is given by 

_ I 1 - P cos2 0 
1(6:1 " 4? 1 - P/3 ' (27) 

I is the total radiation emitted into 4tr steradians and P is the degree 

of polarization given by 

P = — . (28) 

h * 

III and Ij_ are the intensities of light with electric vector parallel and 

perpendicular to the beam respectively, for radiation viewed at 90° to 

the beam. All observations in this study were made at 90°, therefore 

"ft HITS (29> 

which we use to correct Eq. (25) to read: 

N Z 
M " r^pTs • <30> 

The factor 4tt is taken into account by the use of the fractional solid 

angle in Eq. (21). 

Experimental Considerations 
for Beam Measurements 

Once the system is calibrated, the beam-foil experiment is 

straightforward in principle. We adjust the system to view wavelength 
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A from the beam, record the counts per second, and use the computer 

program to calculate the photons per second emitted at the foil. In 

practice however, as with the calibration, certain precautions must 

be taken and experiment difficulties dealt with. These are cascades, 

polarization, and normalization. 

Cascades 

The target chamber geometry prevents our observing the beam 

at the foil without altering the solid acceptance angle. Thus we must 

look at some distance xq downstream from the foil and use the exponen

tial decay law to project the number of states back to the surface of 

the foil (x=0). However, the distance xQ must be chosen so that cascade 

effects are minimized. The solid angle used (determined by the spec

trometer at f/6.8) and beam and slit width dimensions demand that x 
o 

be greater than 1.5 mm downstream. Since we could locate the foil 

only to within ± 0.5 mm, we placed the foil a conservative 3 mm up

stream. We show in Appendix D that cascade contributions to the 

levels we studied are no greater than one or two percent at 3 mm 

downstream. Our initial estimate of error of foil location using this 

method was ± 1 mm. However, using the decay length of A5015 A we found 

that the uncertainty was actually much less than 0.5 mm. 

Polarization 

Since beam radiation is polarized, the observed intensity is 

affected through the anisotropy of the radiation. However, the optical 

system and spectrometer has an instrumental polarization, which must be 
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taken into account in calculating the beam polarization and the real 

intensity from the observed intensity. The treatment of instrument 

polarization is given in Appendix E. The real intensity 1^ is related 

to the observed apparent intensity 1^ as follows: 

IA 
Tr = 1 » P P (31) 
R 1 + I int 

where P^. is the instrumental polarization, and 

Pint = P -P(P P . /P 7T 
pol I obs pol 

is the intrinsic polarization of the light from the beam. PQ̂ S 

observed polarization; Ppol is the polarization of the polarizer. 

kx - k2 
P , = u x. v > (33) 
pol ki + k2 

where kt and k2 are the principal transmittances of the polarizer. 

Thus the fully corrected equation for the number of photons per 

second is 

M = u - a>intJ IWVi^/Ppol1 ' tS4J 

or 

M = NZ. F(P). (35) 
O b 
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where p 

pen = [a-lplnt) (i.-l-if)]"1 . (36) 

To measure the polarization we inserted a rotatable linear 
.j 

polarizer (Polacoat 105UVWRMR) between the spectrometer and photomulti-

plier. The absence of circular polarization is assumed C42). A step

ping motor rotates the polarizer while a PDP9 computer, programmed as a 

multichannel analyzer, is triggered each time the polarizer is in a 

given angular position. The output of the computer is a cosine curve 

which when analyzed gives Ij| and Ix from which the polarization is 

obtained. These measurements were extremely tedious and were fraught 

with artifacts. See Appendix F. 

Pp0̂  was obtained from measurements of kj and k2 performed by 

Dr. Donald Huffman (Department of Physics, University of Arizona) using 

a Cary 14R spectrophotometer. Throughout the spectral region we used, 

P i was 0.99 ± 0.05. 
pol 

The instrumental polarization is given in Fig. 15. Above A3800 

X, the measurements were made using depolarized light from the black 

body lamp. The instrumental polarizations were the same within experi

mental uncertainties for both light paths, with and without the inter

ference filter, and for depolarized continuous or line radiation. Below 

X3800 A, the measurements were made using depolarized line radiation 
from thorium and iron-neon lamps. The circled points in Fig. 15, taken 

with "un-depolarized" light from the black body lamp, show that to 

within experimental uncertainties the black body lamp is unpolarized. 
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This is fortunate, since additional corrections to the calibration 

were therefore unnecessary. 

Normalization 

The final number of photons per second observed is given in Eq. 

(35). As the beam current varies with time, the number of photons per 

second and thus will vary with time. To get time independent data, 

we must normalize in some way. We have used charge normalization and 

spectral line intensity normalization procedures, both of which are 

described below. 

Charge Normalization. One ratio which should be constant 

independent of beam current, is the number of photons per unit beam 

charge collected in the Faraday cup. If the beam current doubles, the 

light doubles, indicating that there are twice as many of a given level 

present. Equation (35) expresses photons per second in terms of states 

per volume. To relate photons per second to photons per microcoulomb, 

consider a beam of current I = Q/T microcoulombs per second. In one 

second Q/T microcoulombs pass through the foil. They are contained in 

a beam volume vA^w^ • 1 second, where v is the beam particle velocity 

and = w, = width of the beam. Then microcoulombs per volume equal 
D b 

Q/T • l/^A^w^), and finally 

= WW photons (37J 
vJLw, ucoul 

b b 

where N^ is the number of levels per microcoulomb. 
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For charge normalization we use the electronic set up mode A 

(Fig. 5). This technique was satisfactory when many sets of counts per 

microcouloinb were collected on the same day in rapid succession. How

ever, day-to-day variations as large as ± 30% were noted. Problems with 

this method have been reported by others (43,44). The causes are not 

exactly known. We noted that counts per charge varied with beam probe 

voltage on the Van de Graaff, the variation depending greatly on the 

conditions of the ion source. The effect was worst (± 50%) when any gas 

containing oxygen had been previously used in the source, and best (± 5%) 

when noble gases such as argon had been used immediately before using 

the helium. A helium spectrum obtained at this time contained several 

non-helium lines which were not due to residual gas, since they vanished 

when the foil was removed. The relative intensity of one non-helium 

line at ̂  X4355 X compared to helium A4389 X varied with beam probe 

voltage. One intensity increased as the other decreased. All the re

sults of our studies of these spurious lines and normalization problems 

support the hypothesis that the so-called isotropically pure helium beam 

contains a contamination, most probably oxygen. Delmar Barker (21) has 

shown that oxygen is a prevailing and common impurity in the Tucson 6 

MeV Van de Graaff just as Oona and Bickel (20) have noted for the 2 MeV 

Van de Graaff. We suspect that impurities are responsible for the beam-

current dependent effect on mean lives which they noted. The impurity 

problem is a very curious and random effect. Several months later, with 

another ion source, these effects could not be exactly reproduced. 
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Intensity Normalization. After these observations with charge 

normalization procedures, we decided to normalize on beam radiation. 

To do this we used a second spectrometer and the electronics mode B 

CFig. 6). The second spectrometer was adjusted to pass the helium line 

O 
at A4713 A. The calibrated spectrometer monitored the line under study. 

This way we measured the intensities of all other lines relative to the 

O 
intensity of X4713 A. However, to tie these results to an absolute 

scale it was necessary to resort to a charge normalization for A4713 X. 
At the time these final measurements were done, the impurity problems 

were at a minimum; therefore the errors inherent in the final results 

are the statistical ones given. In any case, only the absolute popula

tions are affected by the charge normalization problems. 

Uncertainties 

We now evaluate the percent uncertainty in Zq. As we have shown 

previously, Z^, may be written more simply in the form of Eq. (26) with 

only a small error. We will use this simpler equation for uncertainty 

evaluation. Then, assuming independent uncertainties we have 

6Z- p fjjiO ^ 
b oii 

+ 
ZG 

r6(2° 

12 S, J R) * R) * ft) • ffl • fe ••) V "b 

2 r (t H • (t H ] • c38) 

We evaluate each term separately. 

1. Sft/fi. Evaluated previously. It is equal to 0.03. 
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2. Sw^/w^. We use a square beam aperture 3 ± 0.1 mm on a side. 

Thus = 0.01/0.30 = 0.033. 

3. Equal to 0.033 as for the beam width. 

4. 6W /W . This depends on the slit width used. The smallest 
5 

width was 400 y. If W = ± 5 p at worst, then 6W /W = 0.013. Here 
s s s 

we use a larger uncertainty for SWs than we did in the calibration sec

tion because the slit width uncertainty has been shown to increase with 

time after the calibration. 

S„ (a/v)6x. 6x = 0.5 mm at x = 3mm downstream from the foil. 

At 0.275 MeV, v = 3.63 x 108 cm/sec. The largest cu is 5.79 x 10® per 

O 
second for X5015 A. Thus the maximum value ot6x/v = 0.080 and the mini

mum afix/v = 0.001. 

6. (ax/v2)<5v. If 6E = 5 keV at 0.275 MeV, then Sv is 0.03 x 

10s cm/sec. The maximum value (ctx/va)6v = 0.04 and the minimum value 

(<xx/v2)6v = 0.00002. 

7. 6A/A. It is equal to 0.01 from Schiff, Pekeris, and Accad 

(45). 

8. (x/v)Sa. If 6A/A = 0.01 and we take 6a/a  = 0.01 also, then 

maximum value (x/v)Sa = 0.005 and minimum value (x/v)6a = 0.00003. 

Finally we have the percentage uncertainty in Z^: The maximum 

value 6Z_/Z_ = 10.6% and minimum value 6Z„/Z_ = 5.8%. The actual value 
U U U b 

is calculated for each spectral line and the results are presented in 

Chapter 5. The largest uncertainty in our experiment is due to the 

uncertainty in distance downstream. This large uncertainty is inherent 

in any beam-foil experiment. 
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As previously stated, relative populations deal with a ratio of 

two numbers of photons. Therefore, it is necessary to include only 

terms which vary with wavelength in the total uncertainty. These values 

are also calculated for each spectral line. 

The uncertainty in the polarization correction factor F[P) is 

less than 4%. This is taken into account in the final calculations. 



CHAPTER S 

RESULTS AND DISCUSSION 

In this chapter we present and discuss the results of our 

relative and absolute level population measurements. Recall that 

absolute level population means the probability, per emergent neutral 

helium atom, that the atom will be in a quantum level n, £,, s. 

The relative populations have an arbitrary scale. In this case 

we are concerned only with the comparative populations of different 

levels. The relative populations can be measured with much smaller 

uncertainties than the absolute populations because only statistical 

fluctuations and wavelength-dependent factors contribute to the uncer

tainty. As mentioned in Chapter 3, the system can be calibrated much 

more reproducibly than the overall black body temperature uncertainty 

would indicate. 

At this point we want to clarify the terminology "level" and 

"state". By state we mean an energy eigenstate for which all quantum 

numbers n, £, s, J, m are specified. By level we mean a group of 

states which have some, but not necessarily all, quantum numbers in 

common. For example, we refer to a state nJlsJnij, but to a level n£,sJ 

which includes the states nij = (-J,-J+l.. .J-l,+J) . 

The populations we measured are level populations. Not only 

are the m, states for a given J level degenerate, but Doppler broadening 
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prevents resolution of even the different J levels. Furthermore, since 

we found that the populations are not proportional to the statistical 

weights of the levels, we cannot divide our level populations by the 

statistical weight of the level and obtain the actual state populations. 

For these reasons, all our data are presented for levels which are 

specified only with n, A, and s, except where otherwise indicated. 

Spectra 

Figure 16 is a spectral scan of the wavelength region we 

examined. All lines which we observed to determine populations are 

shown. We also observed A4686 A, A3203 A, A5411 X, X4859 A, and 

X4541 A from helium II. 

Polarizations 

Two samples of the computer output obtained from our stepping 

motor controlled polarizer are shown in Figs. 17 and 18. Figure 18 

shows the results for a weak line where the noise is greater than sig

nal, making it difficult to determine the maximum and minimum. Because 

of this many of the polarizations have large uncertainties. For the 

weaker lines, extraction of polarization from the noise would be im

possible without the averaging ability of multichannel scaling over 

many cycles. Our results for all the polarizations are given in Table 

3, together with the calculated correction factors for the populations. 

Note that the correction factor is very nearly one in all cases. 



Figure 16. Spectral scan of region including X2760 X to X5960 X. 
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Table 3. Intrinsic polarization and correction factors. 

The numbers in parentheses are fa) the uncertainties and (b) 
percentage uncertainties. 

i(S) P. . 
int (a) F(P) O) 

2829 0.10 (0.10) 0.97 (3) 

2945 0.08 (0.05) 0.97 (2) 

3187 0.04 (0.03) 0.99 (1) 

3447 0.10 (0.04) 0.97 (1) 

3613 0.07 (0.04) 0.96 (1) 

3819 0.04 (0.02) 0.99 (1) 

3867 0.02 (0.02) 0.99 (1) 

3889 0.05 (0.02) 0.99 (1) 

3964 0.06 (0.05) 0.98 (1) 

4026 0.03 (0.04) 0.99 (1) 

4121 0.02 (0.09) 1.00 (3) 

4144 0.09 (0.09) 0.98 (3) 

4169 - - - 1.00 -

4389 0.09 (0.10) 0.99 (3) 

4437 0.00 (0.09) 1.00 (3) 

4471 0.01 (0.03) 1.00 (1) 

4713 0.02 (0.02) 1.00 (1) 

4922 0.04 (0.05) 1.00 (2) 

5015 0.08 (0.05) 0.99 (2) 

5047 0.00 (0.05) 1.00 (2) 

5875 0.05 (0.04) 0.99 (1) 
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Dependence on Principal Quantum Number 

It is reasonably well established that the last layer of the 

foil plays a significant role in the interaction CIO,18,46). On the 

basis of this assumption, there are several models which may be used to 

roughly predict populations. Although these were not derived with the 

beam-foil case in mind, they may be used to gain some insight. The 

following discussion is based in part on the comments of Lennax'd, Sills, 

and Whaling (46). 

1. If we adopt the suggestion of Bohr (47) that the favored 

states in a capture at the last surface are those for which the electron 

velocity is close to the ion velocity, we find most of the population to 

be in states with quantum number n » (Q+l) [24.8 ̂ on/Ê on C^eV)] , 

where Q is the ionic charge, A is the atomic weight, and E is the inci

dent ion energy. In our case, for helium I at 0.275 MeV, this puts most 

of the population in the ground state. 

2. According to Oliphant and Moon (48), capture is favored into 

states bound with an amount of energy close to the work function of the 

surface. If we take 4.6 eV as the work function of carbon then the 

states with quantum number n *** 1.7 (Q+l) are favored. In our case this 

puts most of the population in levels n = 1 and n = 2. 

3. Free electron recombination after the ion is beyond the in

fluence of the foil surface would lead to populations proportional to 

1/n3. This dependence was first derived by Oppenheimer (49) for elec

tron capture by hydrogen-like particles with arbitrary nuclear charge. 
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The ̂  1/n3 dependence has also been discussed by Garcia (18) for 

capture processes at the last foil surface. His work is based on that 

of Bates and Dalgarno (50) and Hiskes (51). 

The measured relative and absolute populations are given in 

Table 4. The relative populations are shown on an energy level dia

gram in Fig. 19. They are also plotted against n-1 on log-log plots 

in Figs. 20-25. In each case a chi-square fit was done. All the 

singlet sequences show dependences consistent with n~3. The triplet 

sequences do not. Although we were not able to measure the n = 1 and 

n - 2 populations directly, predictions made on the basis of the chi-

square fits (see boxed values in Fig. 26) demonstrate that the popula

tion is by no means concentrated in the lowest lying levels Is 1S and 

2s 3S. The populations of these levels are perhaps an order of magni

tude larger than the next higher ones, but there is no compelling reason 

for saying that they are somehow special. This tends to discount the 

first two hypotheses, although it does not disprove them, since they 

make no predictions for the overall n dependence. It should be pointed 

out that hypothesis three need not the inconsistent with one or the 

other of the first two. The third is, however, easier to prove or 

disprove because of the explicitly predicted n dependence. 

It is not clear, however, whether the third hypothesis may be 

accepted as it stands. Except for the level populations of the triplet 

S sequence (which will be discussed later) the exponential dependence of 

n**1 seems to be generally ^3. This is not surprising in light of the 

fact that the ^ n-3 dependence was derived for high velocities and 



Table 

(A) 

2829 

2945 

3187 

3447 

3613 

3819 

3867 

3889 

3964 

4026 

4121 

4144 

Relative and absolute populations. 

Zq is the geometrical factor of Chapter 4. M1 is the counts observed from the beam. 
The numbers in parentheses are the percentage uncertainties, except for ZQ where 
they are the absolute uncertainties. 

Relative Pop. Absolute Pop. 
of Upper Level of Upper Level 

Z q M1 A/emergent neutral (#/emergent neut.) x 10" 3 

5.7 (6) 499 (4) 58.2 (700) 5.7 (711) 

10.8 (6) 1743 (4) 103.0 (139) 10.1 (166) 

9.5 (6) 2657 (8) 165.0 (20) 16.2 (51) 

8.1 (6) 246 (7) 8.2 (10) 0.8 (42) 

11.4 (6) 739 (7) 16.1 (9) 1.6 (41) 

19.9 (6) 486 (9) 15.2 (13) 1.5 (44) 

8.0 (6) 158 (23) 12.2 (23) 1.2 (46) 

53.2 (6) 22204 (6) 258.0 (9) 25.4 (41) 

31.8 (7) 1486 (8) 30.3 (10) 3.0 (41) 

65.3 (6) 2692 (4) 27.8 (8) 2.7 (40) 

20.0 (6) 576 (5) 19.9 (8) 2.0 (39) 

22.3 (6) 196 (10) 6.0 (13) 0.6 (41) 



Table 4—continued. 

Relative Pop. Absolute Pop. 
of Upper Limit of Upper Level 

A (A) Z q M1 #/emergent neutral (#/emergent neut.) x 10-3 

4169 8.0 (6) 70 (14) 6.1 (15) 0.6 (41) 

4389 50.8 (6) 678 (13) 10.2 (15) 1.0 (41) 

4437 18.3 (6) 197 (23) 8.6 (24) 0.9 (44) 

4471 138.5 (6) 8456 (6) 49.7 (9) 4.9 (38) 

4713 106.4 (6) 5460 (9) 52.0 (10) 5.1 (37) 

4922 111.8 (6) 1710 (4) 19.4 (10) 1.9 (39) 

5015 47.0 C10) 2201 (11) 65.8 (16) 6.5 (38) 

5047 37.9 (6) 470 (16) 18.4 (18) 1.8 (40) 

5875 377.1 (6) 4407 (3) 104.0 (10) 10.2 (36) 
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Figure 19. Relative level populations on energy level diagram. 

Values marked Ct) have large uncertainties due to scattered light. 
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Figure 26. Absolute populations on energy level diagram. 

The values are all to be multiplied by 10~3. Boxed values are predicted and 
have uncertainties of the order of 100%. Values marked (t) have large uncer
tainties due to scattered light. 
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large n, neither of which obtain in this case. Further, since helium I 

has two electrons, the interaction process need not consist solely of a 

single electron capture. We could also, for example, have capture of 

two electrons, or rearrangement of the two electrons in such a manner 

that the helium emerges from the foil as neutral helium. In light of 

these other possibilities, it is remarkable that the n dependence 

appears to be as simple as it is. 

The triplet S-sequence is the only one for which the exponent of 

n-1 is significantly greater than three. We plotted these populations 

as a function of (n-l)"1. See Fig. 27. The chi-square values obtained 

for this plot and for Fig. 23 indicate that for this sequence the 

(n-1)"1 dependence is to be slightly preferred. This is interesting in 

light of the fact that the triplet S series is missing the n = 1 level. 

As Andersen and co-workers have pointed out (52), the data may 

also be fit by an exponential equation of the form Cj e~ 2̂Tl. This is an 

unfortunate consequence of the fact that the easily observed spectral 

lines of helium I originate from the n = 3 to n = 6 levels. If we plot 

e"' 1̂1 and (1/n)3 together, as in Fig. 28, we find that the two can be 

very nearly normalized to each other for precisely the values n - 3 to 

n = 6. Above and below these n values the curves diverge. 

Hence we plotted all out data against n on semilog paper and 

again did chi-square fits to it. See Figs. 29-34. From the calculated 

chi-square values from these plots and those of Figs. 20-25, we find 

that the ̂  n"3 dependence is preferred for all but the singlet P 

sequence. There are several possibilities for this. One is heavy 
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cascading into these states. However, since we have shown in Appendix 

D that the cascade contribution to each of these states can be at most 

one or two percent, this is unlikely. The other possibility is the 

larger uncertainties in the intensity calibration below A3800 A. The 

transitions (Sp1? -> 2s*S) X3613 A and (6pJP •* 2s1S) A3447 A are in the 

region where calibration points will have increasingly large uncertain

ties as the wavelength becomes shorter. This could easily affect the 

form of the equation best fitting the p-sequences. 

The results of the chi-square fits plus the absence of any 

supporting theory for the exponential form makes the ̂  n~3-type depen

dence for the population rather likely. We were later able to provide 

stronger evidence for this prediction. Careful examination of the 

spectrum CFig> 16), fortunately turned up a weak line from the (7d3D -*• 

2p3P) A3705 X transition. By estimating the area under this spectral 

line relative to that under A3613 A, we were able to obtain an estimate 

of the upper level population. The relative population was 1.1 x 10^ 

(± 27%). The triplet D sequence with this additional point is plotted 

in Fig. 35. Clearly, the additional point is consistent with the n~3 

dependence, although the uncertainties in the parameters of the exponen

tial fit prevent resolution of this question beyond all doubt. We feel 

that we do have fairly strong evidence for the ̂  n~3-type dependence. 

This result has several consequences. 

1. It has been stated in the literature (53) that ground state 

populations are highly preferred. The ̂  n~3 dependence of the popula

tions was used to predict the population of the levels below those 
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measured. In Fig, 26, these states are boxed. It is evident from these 

data that there is nothing special about the ground state. 

2. The question of whether the populations are closed has 

occurred in the literature (54). Since there are an infinite number 

of energy levels and a finite number of atoms to be distributed among 

them, we would expect the n dependence to be such that the sum of the 

populations for a given sequence converge. If this were not the case 

(for example, if the states were populated approximately equally) we 

would see no single spectral lines from the beam even though the beam 

—5 
would be visible to the eye. The function En (s is an integer) 

n=l 
which approximately describes our populations is a Riemann zeta function, 

and does converge for all values of s greater than one. Thus, as we 

would expect, the total populations are finite. 

3. Knowledge of the n dependence has important consequences 

for cascade analysis in mean life studies. It is generally assumed that 

an infinite number of levels cascade to any given level. But if the 

level populations fall off as rapidly as ^ n~3, then only the few levels 

immediately above the one in question contribute significantly. In 

fact, for a given sequence, one can estimate how many levels above a 

given level contribute significantly to cascades. 

For an equation of the form y = Ci n~3, we have 

CO 00 

I y » Cj I n-3 = 1.20 c . (39) 
n=l n=l 

Then if we look at a level n = i, above this level we have 
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i 
I y CL(1.20 - I n~3) (40) 

n=i+l n=l 

For n = 5, this is 

CO 

I y = 0.014 C 
n=6 l (41) 

Thus 1.2% of the total is above n = 5. For n = 10 this is 

OO 

I y = 0.002 C 
n=10 1 (42) 

Thus 0.2% of the total is above n = 10. Hence it is probably sufficient 

to consider only a few levels when evaluating the effects of cascading, 

depending on the principal quantum number. 

4. We can also use the absolute population information to rough

ly predict how many atoms are in levels having angular momentum higher 

than those we measured. Since E. n-3 = 1.2 and E, n**2 = 1.64, we n=l n=l 

can show that the total number of atoms per neutral atom emerging in 

all levels with orbital angular momentum J*2 must be between about 40% 

and 70%. Since the total must be 100% (all emergent particles must be 

in some state) then the probability that a particle will emerge in a 

level with Z > 2 but with any principal and spin quantum numbers must 

be between 30% and 60%. This suggests that the populations of levels 

with %> 2 will increase.. Bromander (55) has observed that for boron 

III, a peak in the relative population occurs for the 5f2F levels 

relative to'5d2D and 5g2G. 
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We finally point out that the idea of assigning a temperature 

to characterize the interaction and population distribution has been 

mentioned in the literature (18,56). In its simplest form the existence 

of a temperature would imply that the state populations follow a Boltz-

mann distribution with the excitation energy. A plot of the state popu

lations against excitation energy, given in Pig. 36, is not a straight 

line. Therefore the hypothesis in this form is not totally correct. 

However, the higher excited levels (n = 4,5,6) have a slope which yields 

a temperature of roughly 6000 °K. The slope of a line drawn for the 

lower levels (n = 3,4) yields approximately 9000 °K. 

The concept of temperature involves interaction between atoms, • 

which is not true for the beam-foil case. Temperature may in some way 

be a useful characterization of the interaction, although not in this 

simple form. 

It is interesting to note on Fig. 36 the similarity in shape of 

the curves for sequences with the same orbital angular momentum, but 

different S. This illustrates that the populations exhibit systematic 

behavior, and that the excitation energy may be a parameter relevant to 

the interaction. 

L, J, and S Dependence 

The dependence of the relative level populations on orbital 

angular momentum is shown in Fig. 37. Although the P states may have 

large uncertainties, they may be used to establish a trend. The popula

tions do not vary linearly with the statistical weight (2L+1)(2S+1), but 

reach a maximum at L = 1. The relative height of the peak decreases 
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with increasing n. The conclusions of the previous section indicate 

that the level population must increase beyond SL = 2. 

In Fig. 38 the level populations divided by statistical weights 

are plotted. On this figure, the horizontal straight line indicates 

purely statistical state populations. As n increases the relative 

slopes of the lines indicate that the state populations approach the 

statistical values. 

It has been stated in the literature C57) that the interaction 

is spin independent. That is, immediately after the interaction, the 

spin levels should be population according to their statistical weights 

(2S+1). If this is so, a triplet to singlet level population ratio of 

3 to 1 is expected. The measured population level ratios are presented 

in Table 5. Some are consistent with 3 and some are not. The values 

are consistently less than three, except for the A = 1 levels, which 

have the largest ratios. The data in Figs. 39-41, taken independently 

of that in Table 5 and with a different method of normalization, essen

tially support the results shown in Table 5. The ratios obtained by , 

the two methods are consistent with one another, with the P states still 

having a ratio greater than three. Although the uncertainties are large 

the consistency of the data suggest a slight energy dependence, a slight 

JI dependence, and finally, a slight deviation from the purely statisti-
* 

cal spin-independent case. 

After the interaction, the spin-orbit interaction is expected 

to become effective and force the atom into a coherent mixture of eigen-

states of J (57). Since the J states are not resolved, the beam will 
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Table 5. Triplet to singlet ratios at 0.275 MeV. 

The numbers in parentheses are the uncertainties. 

'N. Orbital 
Angular 

^xJfomentum 
Principalis. 
Quantum 
Number n S P D 

6 2.00 CO.46) - 2 .54 (0.47) 

5 2.32 CO.56) - 2 .73 (0.45) 

4 2.83 (0.58) 5.45 CI-21) 2 .56 (0.34) 

3 - 3.92 (0. 71) -
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exhibit field-free intensity fluctuations. The intensity fluctuations 

observed on the (3p3P -> 2s3S) A3889 A transition are shown in Fig, 42. 

It is possible that these intensity fluctuations could cause 

an additional uncertainty in the populations of the np3P and nd3D se

quences of levels. A measurement taken at distance x downstream which 

corresponds to first a maximum and then a minimum will give two differ

ent values for the populations on the basis of an unmodulated exponen

tial decay. For the X3889 X line, we viewed a distance downstream 

which approximately corresponded to a zero point in the intensity fluc

tuations. Since a maximum occurs at the foil, the actual population 

will be approximately 5% higher than our calculated value. Since these 

corrections are within our other uncertainties, it was not worthwhile 

to measure the field-free intensity fluctuations of other lines. There

for we did not correct the np3P and nd3D states for this small effect. 

Although we cannot measure the populations of the individual 

J levels, we can infer from the polarization measurements the relative 

populations of the mj states within a J level, at least for the singlet 

J = 1 and J = 2 levels. 

The polarizations we measured and the transitions for which 

they were measured are shown in Table 3. Since polarization can occur 

only from levels having states nij different from 0, the singlet S 

sequence has zero measured polarization as it should. 

The polarization uncertainties are large because light inten

sities were very low. However, all five sequences we measured 
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consistently exhibit the same behavior making the case that the pola

rization has a minimum at n = 4 and generally increases with n beyond 

n = 4 much more plausible. 

Using methods presented by Fano and Macek (58) we calculated 

the ratio of a(l)/cr(2) for the singlet J = 1 levels. a(l) is the pro

duction cross-section for m^ = ± 1 and CT(0) is the cross-section for 

ij = 0. The equation for this ratio in terms of the intrinsic polari-m 

zation P. . is 
int 

_ 1 Pint 
5W " 1 + P. " ~ (43> 

v J int 

Using the Fano-Macek method for the singlet J = 2 sequence we obtain 

3 - 5P 
= i"t f44. 

cx(l) + a(0) 6(1 + Pint) 

where a(2) is the cross-section for production of mj = ± 2. In this 

case there is insufficient information to obtain o(2)/A(0) and O(1)/CJ(0) 

separately. These ratios are given in Table 6. The results may indicate 

that at n = 4 a maximum number of higher mj states are populated. 

The reasons for this behavior are not known. More accurate 

measurements should be made to substantiate this trend and calcula

tions should be made to determine what, if anything, is special about 

the n = 4 level. 

We summarize the angular momentum dependence as follows. The 

level populations do not follow the statistical weight of J, although 

there is a tendency to approach statistical behavior as n increases.' 
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Table 6. Mj cross-section ratios for the np*P and nd1D sequences. 

The numbers in parentheses are the uncertainties. 

Principal ! ndl 

Quantum r 

Number n a(l)/a(0) a(2)/[a(l)+cr(0)] 

6 0.82 CO.05) 0.39 CO. 20) 

5 0.86 (0.06) 0.40 (0.20) 

4 0.89 CO. 07) 0.44 CO. 10) 

3 0.86 CO.07) -

/ 
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The populations are not all consistent with a statistical distribution 

of the spin states. 

Excitation Functions 

The absolute populations as a function of incident particle 

energy were measured for six representative levels. The data are shown 

in Table 7, and are plotted in Figs. 43-48. Although polarization 

apparently varies as a function of energy (59), a polarization change 

from 5% to 20% would results in only a 2% change in the correction fac

tor. Therefore we did not make these corrections. 

One question occurring in the literature (7) concerns the 

variation of the excitation levels within a given charge state. For 

example, if the incident particle energy increases, the production of 

a particular charge state Q might decrease. How does a level with 

quantum number n, s within a charge state Q vary after the effect 

of the decreasing charge state has been removed? Since our absolute 

populations represent the population of a given state per emergent 

neutral particle, we measured excitation functions to answer this 

question for neutral helium in the range of 0.160 MeV and 0.500 MeV. 

The results, presented in Table 7 and plotted in Figs. 43-48, show 

that populations of the levels we measured are increasing, going as 

E where K is somewhere between 0.4 and 1.0. Since the total number 

of neutrals per microcoulomb of charge through the foil is decreasing 

(Fig. 49) some level populations other than those we measured must be 

decreasing. This behavior is predicted by Hiskes (51) whose calcula

tions show that for protons incident on magnesium, the ratio of capture 



Table 7. Excitation functions. 

The numbers in the table are the absolute populations and are to be multiplied 
by 10"3. The numbers in parentheses axe the percentage uncertainties. 

Level 
Energy 
(MeV) 4s1S 3P1? 4d*D 4s 3S 3p3P 4d3D 

0.160 1.1 C32) 4.8 (30) 1.5 (33) 3.2 (32) 15.8 (29) 4.0 (32) 

0.200 1.2 (30) 5.0 (28) 1.4 (31) 3.2 (32) 16.7 (29) 3.8 (31) 

0.275 1.6 (31) 5.8 (29) 1.6 (32) 4.5 (32) 22.2 (29) 4.3 (30) 

0.300 1.6 (30) 5.5 (30) 1.5 (33) 4.5 (34) 21.9 (29) 4.0 (32) 

0.350 1.8 (32) 6.6 (33) 1.9 (39) 5.9 (44) 25.5 (35) 5.0 (41) 

0.400 1.8 (49) 7.6 (38) 2.2 (43) 8.6 (45) 30.0 (37) 6.2 (37) 

0.500 1.9 (71) 7.6 (45) 2.2 (48) 10.4 (53) 31.7 (45) 6.2 (46) 

to 
00 
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into a given state to total capture into all states peaks at n = 2, 

increasing below n 2 and decreasing above. The quantum number at 

which the ratio peak occurs is a function of energy. Unfortunately 

Hiskes' paper does not contain er1ough information to directly compare 

his work with our results, but no contradiction occurs. 

Garcia (10) predicts an E- 3 energy dependence for high en~rgies 

(greater than 100 keV/amu) for a direct capture into excited states. 

Our incident particle energies are lower than this, so our results at 

67 keV/amu do not necessarily contradict this prediction either. 

Discussion 

Our measurements of the relative and absolute populations of 

beam-foil excited helium have yielded results consistent with the con

cept of electron recombination at or just beyond the last surface of 

the foil. \~e have also measured the angular momentum dependence of 

the interaction. No general theory exists which predicts what we 

observed or what to expect for other beams, other foils, and other 

energies. 

We feel that it is risky to use our results for foil excited 

helium to predict what may occur for other systems even though this is 

the only careful systematic study of its kind. Helium, with singlet 

and triplet spin states, might exhibit different behavior from a 

system with doublet spin states. The excited level populations of 

ions belonging to the helium isoelectronic sequence may exhibit similar 

behavior, but this has to be experimentally established. 
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The technique we have developed is a good one, but more infor

mation is needed before we can be sure that helium is or is not a repre

sentative point in the interaction problem. More experiments must be 

done before the beam-foil interaction can be generalized in the form 

of a theory. It is therefore important to measure populations of other 

systems, along the helium isoelectronic sequence and others. 

There are several other areas where extensions of this work 

would be valuable. These areas are: calibration in the ultraviolet 

and vacuum ultraviolet, measurement of oscillator strengths, comparisons 

of beam-foil and beam-gas processes, and the establishment of the foil-

excited beam as a standard intensity source. 

Calibration in the Ultraviolet 

In order to study other atomic systems completely, it is neces

sary to calibrate the optical system in the ultraviolet, below the wave

length range of the black body standard. This may be done by using 

branching ratios. A level from some atomic system is selected which 

has two transitions, one with a wavelength in the range of the black 

body calibration, and the other with a wavelength in the ultraviolet 

where the calibration is desired. See Fig. 50. The population of level 

1 N1 is determined in the usual manner from the visible transition A12. 

Since Nj has the same value for both transitions and the A12 and A13 

are known, the photons per emergent ion can be calculated for the 

transition in the ultraviolet X13. This is then used as the standard 

for calibrating the system at this wavelength. 
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Figure 51. Level diagram for oscillator strength determination. 
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Measurement of Oscillator Strengths 

The oscillator strength f^ is related to the transition prob

ability through the relation 

* . 6-67 x 10" «£ 

X|f «i & 

as in Appendix A. The quantities A^ and f^ cannot be determined from 

a population measurement along since the quantity A^ is needed to de

termine the population. Consider Fig. 51. However, we can first mea

sure the mean life of level 1 using the usual beam-foil technique. 

Then 1/tj = cij - Ai2 = A13 = Altt. Next we measure the intensities of 

the three transitions A , X , A in counts per second. Using the 
12 lo IV 

calibration and ctj we obtain relative intensities for the three lines. 

Only the A.^ are still unknown for each line. The ratios of these in

tensities give A12/A13 and A12/Allt which when used with the measured 

value for give three equations in three unknowns which can be solved 

for AJ2, A13, and A^ and hence the oscillator strengths. 

Comparison of Beam-Foil and Beam-Gas Processes 

It would be instructive to measure the excited state distribu

tion for the beam-gas case; for example, helium bombarding methane or 

another high carbon content gas. These results compared to the beam-

foil results could reveal significant similarities and differences 

which may elucidate the interaction process. 
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Establishment of the Beam as a Standard Source 

The use of the beam as a standard source was proposed by Bickel 

(60). A beam with precisely known dimensions, current, energy, mass and 

atomic number, and a foil of given atomic number, thickness and struc- • 

ture would yield a fixed, known amount of photons per second at wave

length A' in any beam-foil lab. This would circumvent many problems 

inherent in the black body calibration and permit comparison of results 

from different labs. Although this is a possibility, presently the 

problems involved seem to be greater than for those of the black body 

standard, especially when data depend on machine and ion-source condi

tions. Until the precise nature of all beam-foil conditions is under

stood and controllable, its usefulness as a secondary standard for 

absolute intensity calibration will be questionable. However, with care 

it could be useful for relative calibrations. 

In conclusion we point out that our measurement of the helium 

excited state populations is a necessary forerunner to a full under

standing of the interaction. We have demonstrated that the techniques 

we developed provide useful fundamental information about the beam-foil 

process. The future application of these techniques to other systems 

will certainly aid in the development of a general theory of the 

interaction. 



APPENDIX A 

TRANSITION PROBABILITIES AND MEAN LIVES 

According to Wiese, Smith and Glennon (61) the transition 

probability per second for spontaneous electric dipole emission is 

given by 

6.67 x 1015 gf j* 
Aif = IfT" i7 fi CAl) 

where i represents the initial level, f the final level, g^ and g^ the 

statistical weights of the levels, the wavelength in Angstroms of 

transition and f^ the absorption oscillator strength. Also 

6.67x 1015 

Xxf 
A = f (A2) 
if if v J 

where f^ is the emission oscillator strength and is related to f^ by 

gf £ . - = - - = •  f - .  .  ( A 3 )  
if g. fi v J 

The transition probabilities we used for the S and P transitions are 

from the calculated oscillator strengths of Schiff, Pekeris and Accad 

(45). These are the most recent calculations as recommended by Garcia 

(62). The authors quote an accuracy of ± 1%. The results are nearly 

108 
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identical to those given in Wiese, Smith and Glennon (61), from which 

the probabilities for the D transitions are taken. These probabilities, 

together with the calculated S and P transition probabilites are listed 

in Table A1. 

To calculate the total transition probability per second we use 

the relatioship 

«- = I • (A4) 
1 f<i 11 

In other words, we sum over all lower energy states f to 

i may decay. The results of this calculation for levels 

also listed in Table Al. 

which the state 

we studied are 
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Table Al. Transition probabilities of observed spectral lines and 
total transition probabilities of their upper levels. 

All values of Aj^and ctj are to be multiplied by 108 seconds-1. 

^ 12 cto A12 al 

2829 0.0169 0.021 

2945 0.032 0.045 

3187 0.056 0.064 

3447 0.024 0.034 

3613 0.038 1.334 

3819 0.059 0.087 

3867 0.024 0.047 

3889 0.095 0.106 

3964 0.069 2.547 

4026 0.117 0.173 

4121 0.044 0.092 

4144 0.050 0.076 

4169 0.018 0.036 

4389 0.091 0.140 

4437 0.033 0.068 

4471 0.251 0.318 

4713 0.095 0.160 

4922 0.202 0.273 

5015 0.134 5.794 

5047 0.068 0.113 

5875 0.706 0.706 



APPENDIX B 

RELATION OF ABSOLUTE TEMPERATURE 
TO BRIGHTNESS TEMPERATURE 

Let S be the optical brightness temperature in degrees Kelvin 

and T be the actual temperature in degrees Kelvin. Roughly speaking, 

S is the apparent temperature of an imperfect black body if it were 

considered to be perfect. More precisely, it is defined by the 

following: 

and J = S or T. Inserting Eq. (B2) into Eq, (Bl) and taking natural 

logarithms we have 

ICX,S) dX = E(AT) ICXT) x_ dX 
U 

(BID 

where 

hc/AkJ CB2) 

Aks £N  E(A 'T) TG " AkT (B3) 

This reduces to 

I = An [ECX,T)xg] + I CB4) 
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The lamp is calibrated for X = 6650 X. Equation (B4) is valid only for 

this wavelength. However, once T is calculated at this wavelength, it 

has a unique value for a given value of S and is thus valid for all 

wavelengths. 

To calculate T, an iterative process is used, since initially 

only E(X,S) is known. After two iterations, for S = 1525 °K, T = 

1628 °K. 



APPENDIX C 

POLARIZATION AND ANGULAR DISTRIBUTION 

Consider an excited atom centered at an x,y,z coordinate system 

as shown in Fig. CI. The observation direction is at angle 0 to the 

beam direction along the z axis. 

As shown in the figure, we assume that the light emission for 

this case can be described by three dipoles, a, b, c, lying in the x, y, 

z directions (63). Since the beam along the z axis provides a natural 

axis of symmetry, the dipole moments a and b in the x and y directions 

are equal. The intensity of dipole radiation is proportional to sin2 0 

where 0 is the angle between the direction of the dipole and the direc

tion of observation (64). Let IA and Iy be intensities from dipoles 

with electric vectors perpendicular and parallel to the beam. Then 

Ix(0) = kb2 , (CI) 

III (9} = ka2 sin2 0 + kb2 cos2 0 (C2) 

where k is a constant. 

The total intensity at the angle 0 is then 

1(0) = k[a2 + b2 - cos2 0 (a2 + b2)] , (C3) 

where, for the above geometry, 
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x 

dipole c ̂  ^ beam direction 

dipole a 

direction of 
observation 

Figure CI. Beam-defined coordinate system for determination of 
anisotropy of radiation. 

The dipole moments a and b are equal. 
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1^(90°) = kb2 , Iy (90°) = ka2 . (C4) 

We therefore define the degree of polarization P n̂t as 

_ 1,(90°) - IxC90°) a2 . b2 

int I](90") + 1^(90") " a2 + b2 ' 

where the total intensity at 90 is IC90 ) = In(90 ) + I (90 ) . Then 

1(0) = kl(90°) [1 - Pint cos2 0] 

= k' [1 - P n̂t cos2 0] . (C6) 

We evaluate k' by demanding that 1(0) integrated over all solid angles 

yield the total intensity, I. Thus 

k' = £ u - CC7) 

and finally 

I [1 " Pint COs2 01 1(0) = ~ int . (C8) 

^ El " 

In our experiment we always view the beam at 90°, so 1(0) 

becomes 

IC90°> " i [i - a>.nt] • CC9) 
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1(90°) is the observed intensity; I is related to Nq, the number of 

quantum levels n„ £, s per unit volume. The 4tt has been accounted for 

in the equations of Chapter 4. Hence we need only multiply those equa

tions by the factor [1 - §P. -J-1. 7 L intJ 



APPENDIX D 

CASCADES 

Consider the two-level system shown in Fig. Dl. NjCt) and N2CtO 

are the number of atoms in the levels as a function of time t after cre

ation. The differential equations for these level populations are 

«! NxCt) (Dl) 

ot2 N2(t) + A12 NjCt) . (D2) 

Equation CD1) has a solution Nj(t) = Nj e~ait where N® is the value of 

Ni(t) at t=0 (at the foil). Substituting this into Eq. (D2) We obtain 

= A12 Nj e'ait - a2 N2(t) , (D3) 

and 

dN,(t) 
dt 

dN?Ct) 
dt 

which has the solution 

N,(t) = 
Ai?_ No + 

al_Ct2 

»-a2t (D4) 

Since in the beam-foil case x = vt and dx = vdt, we integrate 

this over distance downstream from x0-6 to xQ+6 to correct for the 

finite viewing distance. We obtain 
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level 3 

Figure 01. Two-level cascading system. 

In general A.f is the transition probability per 
for a transit1on from level i to level f. ai is 
transition probability per second for level i. 
mean life of the level. N. is the population of 

l . 
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second 
the total 
T. is the 
tfie level. 
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_ N0 A12 (-2 sinh a6/v) -aiXo/v 
v W1 ai Ca!-a2) 

* 2[ +̂ N1 (^l e"a2X°/V sinh a2S/v . (DS) 

The subscript c indicates cascades. 

Without cascading we would have at this point 

(2 sinh a <5/v) e"a2X°/v . (D6) 
V a2 

v 2 v * 

The F indicates cascade free. 

If we expand sinh x in powers of x, we can form the ratio 

= 1+al \±LL- U . e-C«i-«2)xo/v|l CD7) 

n2F NO Lar«2 J -1 

The second term is the correction due to cascades. If xQ = 3 mm and 

v = 3.63 x 108 cm/sec, estimates of the term in brackets from cascading 

to the 3P1? and 3p3P states from the 4s1S, 4s3S and 4d1DJ 4d3D levels 

yield corrections less than 0.7% in each case. The ratio Nj/Ng is less 

than one Cas is substantiated by the experimental results) and falls off 

as the principal quantum number of level 1 increases. Further, from 

Wiese, Smith and Glennon (61), the transition probabilities decrease as 

the principal quantum numbers for both levels are increased for all the 
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lines of interest. Hence the above estimates are the largest and the 

sum of all cascades to a given level will not change the populations 

by more than one or two percent. 



APPENDIX E 

INSTRUMENTAL POLARIZATION EFFECTS 

A rotatable linear polarizer is placed between the spectrometer 

and the photomultiplier. Each photon which enters the system has a 

certain probability of emerging from it with its polarization vector 

parallel to the beam and a certain probability of emerging with its 

vector perpendicular to the beam. If a source has zero intrinsic polar

ization, that is, if it emits the same number of photons parallel N|j 

as perpendicular Nx, then 

N,|~NX 
Pint ~ N || +NX " 0 * ^1) 

However, if the optical system has capability to polarize unpolarized 

light, we will observe the instrumental polarization 

circx 
p T = T^irr-' t 0 . (E2) 
1 cH+cj. 

C|| and Cx are the number of counts observed with the polarizer parallel 

and perpendicular to the beam. 

The system can be considered to have two efficiencies, one for 

parallel and one for perpendicular components. The relation between 

photon rate N and count rate C is Cq = ej|^||» = e^N^. The efficiency 
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described previously was for unpolarized light, and hence eC^) = 

Ce||*eJ/2. 

If our source has an intrinsic polarization 
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N,| -H± 
Pint - rar * 0 . CE3> 

we observe Cj| and from which we form 

crci 
Pobs = c^cT ' ™ 

being the observed polarization. From this we extract the intrin

sic polarization. 

NrNJ. _ cn/ea - cJ*x 
int " N[]+N± " C,/€D + Cje± ' 1 ' 

but 

eirejL ej. en p
T = — = 1 - -±r = -^r - 1 . (E6) 

EH jl £C^) 

Therefore we obtain 

Pint = lP°"gTP " <E7> 
I obs 

The calculations above are for a perfect polarizer, that is, in 

the parallel orientation it transmits 100% of parallel light and no per

pendicular light. This is an ideal case since in reality the polarizer 

has two principal transmittances, kj and k2. 
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If N|j, Nx photons are incident on a polarizer with principal 

transmittances kj and k2, in the parallel orientation for the light 

intensity we get 

Tll = kiNll + kzNx • CE8D 

In the perpendicular orientation we get 

II = klNx + k2Nll * CE9) 

Then 

_ kl ~K2 N!I~Nj.  .  (E10) 

k1+k2 ' N!|+NX 

We define Pp0̂  = (^1-^2)/(kj+k^ . Any polarization we observe with 

the polarizer will be modified by Thus Eq. (E7) becomes 

p u ~ PT 
p. - obs 1 

int Ppol - lPIPobs"Ppol • CE11) 

This quantity is used to correct for the anisotropy of the 

radiation. But the beam-foil source is itself polarized. The instru

mental polarization alters the beam polarization and therefore the 

intensity of the light observed even after the anisotropy is corrected 

for. 

To determine this effect, we assume an intrinsically polarized 

source with 

NrNj. 
P- - = ii, t 0 . (E12) 
int N||+Nj. 
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We have N^, ̂  = Ng+N^ for the actual number of photons of both polariza

tions . The system transmits an apparent total number given' by Nm , = 
1 

Ctotal ê̂  where Ctotal "the number of counts observed when the pola

rizer is not in place. Clearly 

Ctotal = EIIN! + 

and 
eHNil + *J*j. 

NT,A g(X) 

Begin with the identity 

N«(e»+eJ + NJ.Cey+̂  

Recalling Eq. (E6), the identity becomes 

nT,A + pitN»A> = nT,R • CEiej 

From this we obtain 

where Pj has had the effects of the polarizer removed. This equation 

is used together with Eq. (C9) to correct the observed photons per 

second emitted by the beam for all polarization effects. 

CE13) 

(E14) 

= 2e(A) Nt̂ r . (ElS) 

N, 
T,A 

1 + PTP. . 
I int 



APPENDIX F 

ARTIFACTS AND CURIOSITIES 

During the experimental work many unusual effects occurred. 

Some were important to the experiment and, while easily explained, 

could very easily have been missed. Some effects were quite difficult 

to track down and explain while for others the exact cause is still 

uncertain. Some of the curiosities and artifacts were as interesting 

as the experiment itself. We present them here to emphasize certain 

precautions and care that must be taken by anyone attempting an abso

lute intensity measurement. 

Normalization (I) 

Measuring radiation emitted per unit beam charge is the best 

and most common way to normalize beam-foil data. However, even though 

beam charge collected in a Faraday cup can be accurately measured, this 

normalization procedure results in larger errors ('v 15%) than purely 

statistical analysis predicts. This occurs even when a carefully de

signed Faraday cup is equipped with a suppressor adjusted to the proper 

voltage. These errors can be caused by charge dependent beam particle 

scattering by the residual gas of the target chamber, by pin holes in the 

foil, and by impurity beams entering the target chamber. We have there

fore resorted to spectral line intensity normalization which is indepen

dent of current fluctuations caused by the machine. 
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Machine-Dependent Effects 
(Normalization II and Others) 

We note that the very large (50%) uncertainties in light per unit 

charge directly attributable to machine-dependent effects vary drasti

cally from time to time. 

Even though the line intensity normalization uncertainties are 

larger than statistics would indicate (but not so large as for charge 

normalization), we were able to use the data after renormalizing differ

ent runs to eliminate variations. However, some still unknown peculiar

ities of the beam exist and affect even these normalization procedures. 

Humidity affected the machine conditions by shorting some 

windings of the bending magnet. Changing magnetic fields were fed 

through the machine stabilizer system causing the machine energy to 

drift, sometimes slowly, sometimes erratically. Excitation functions 

and charge state distributions which are energy dependent were measured 

only on days when the machine conditions were absolutely stable. 

Light Leaks 

The spectrometer was rather well-sealed against light leaks with 

foam gaskets and rubber 0-rings, except at the wavelength dial window 

where a significant leak occurred. This leak was detected when the 

"noise" appeared to be a function of slit width. Since noise measure

ments were made at one fixed slit width and signal measurements were 

made at many slit widths, large errors would have occurred had this leak 

not been discovered and eliminated. 
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The smallest light leaks can cause enormous errors in the 

polarization measurements. Since light arriving at the photomultiplier 

has entered the system and traveled a complicated path, being reflected 

several times, it is highly polarized. Even after eliminating the 

smallest detectable leaks, the polarization measurements were done in 

complete darkness. 

Magnetic and Electric 
Effects on Photomultiplier 

Since counting rates from photomultiplier tubes are known to 

be affected by electric and magnetic fields, shielding is very important. 

Our photomultiplier tube was only three feet away from the bending mag

net of the Van de Graaff. At the magnet setting for helium, we saw no 

\ 

difference in count rate when the magnet was on or off. However, 
* 

effects as large as 20% to 30% were noticed for higher magnet settings. 

We therefore had to do all calibra'tion measurements with the magnet off 

or set at the value we used for helium. We could not do calibration 

measurement when someone else was using the accelerator. 

A very curious effect turned up during the instrumental polari

zation measurements. The first measurements showed large reproducible 

oscillations in the polarization as a function of wavelength. Later, 

after a third measurement the oscillations shifted their phase with 

respect to wavelength. The oscillations were traced to a slightly mag

netic stainless steel bearing holding the polarizer. The oscillations 

in photon counts were caused by the magnetic field at the photomultiplier 

tube and their intensity depended on the relative angle of the bearing. 
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This problem was eliminated by replacing the magnetic metal 

bearing with one made of teflon. However, this introduced another 

problem. A bump appeared as a periodic irregular signal in the noise, 

which should have been flat. A maximum in intensity occurred at the 

angle where one of the maxima (I|| point] occurred. This caused very 

large errors (50% to 100%) in the polarization for weak lines. The 

position with angle and intensity of the "bump" changed from day to 

day, sometimes vanishing entirely. Finally we covered the entrance 

to the photomultiplier tube and took noise measurements in total 

darkness. We found that the polarizer, as it rotated against a nylon 

gasket, generated light, presumably from static electricity. The prob

lem was eliminated by placing stops over the polarizer to block the 

edges from which the light originated. 

Photomultiplier tubes may themselves be polarized. Measurements 

made on our EMI 6256S showed that the tube created a 6% polarization 

from unpolarized light. A calculation similar to those in Appendix E 

shows that this may be considered part of the instrumental polarization 

and causes no further problem. 

Sensitivity of System to Everything 

To make an accurate absolute intensity measurement over a period 

of time every functioning part of the system must remain constant. We 

list some potential sources of problems. 

1. The photocathode of the photomultiplier tube does not have 

equal sensitivity on all portions of its surface. It it sags in its 
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holder, is rotated, or if it is removed and replaced in an "identical" 

position, the calibration may change by 20% to 40%. 

2. If the black body lamp is adjusted from a high temperature 

to lower temperature, the filament will return quickly ('v 10 min) to 

the desired current, but the photon output will take several hours to 

return to its equilibrium level. 

3. If the target chamber or optical system is accidentally 

moved out of position, the light from the beam can change very drasti

cally. In some cases motions of only a millimeter or so caused inten

sity changes of 30%. 

4. The electronics must remain uniform in its functioning. 

Preamplifier battery voltages change, discriminators drift, and ampli

fiers can begin double-counting, all of which affect the calibration. 

5. Room humidity affects noise levels of the photomultiplier 

tube. High humidity causes shorts in the resistor chain of the tube 

base, which appear as additional noise. We observed that the noise rate 

doubled in several hours when it began to rain. It is therefore impor

tant to make noise measurements before and after each measurement. 

Manufacturers' Information 

One generally assumes the technical information received from a 

manufacturer is correct. We calculated the degree of polarization of 

the Polacoat 105UVWRMR from the company's transmission curves, and ob

tained values greater than 100% for all wavelengths. We also could not 

experimentally reproduce their transmission curves. The company as

sured us that measurements were made with unpolarized light and were 



. 130 

representative of our filters. Dr. Donald R. Huffman (Department of 

Physics, University of Arizona) measured the transmission with very 

different results from those of the company. We could only explain 

their results by assuming that they had in fact made the measurements 

with polarized light. 
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