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ABSTRACT 

The work of this thesis is presented in three parts: 1) Charge 

state fractions, 2) n “ 5 He populations, and 3) the biased foil 

and polarization experiments. 

The principle work of this thesis consists of the measurements 

of the charge state fractions of helium after passing through a thin 

carbon foil. The charge state fractions were analyzed by a magnetic 

field with the total optical radiation in the excited beam used as 

a reference. This method allowed the use of high beam currents and 

simple Faraday cup detectors. The results are in good agreement 

i 
with that of Armstrong, et. al., who used single particle detectors 

and low beam currents. 

In the second part of this thesis, the charge state fractions 

2. >2.4^ ZS 
were used to normalize the data of Jordan, Bakken, and Yager (1967) 

of relative populations of the n = level of He . Jordan, Bakken, 

and Yager used the beam foil method with fast He+ ions to obtain the 

amplitudes and halflives of the fine structure states in the n “ 5 to 

n c 3 transition. 

In the third part of this thesis, the beam foil method was used 

to observe the effects of small electric field on the amplitudes and 

lifetimes of the fine structure states of the n = 5 to n = 3 and n “ 1* 



to n *= 3 transitions. The polarization of the radiation from 

these states was also observed. 
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PART I 



INTRODUCTION 

This experiment measured the charge state fractions of helium 

ions after passing through a thin carbon foil in the energy range 

from .6f> to Mev incident He+ energy. 

The He+ and He++ ions in the beam after passing through the foil 

were swept by a magnetic field and collected in a Faraday cup placed 

at 1J>° to the direction of the incident beam. 

The measurement of the He0 component in the beam was attenpted* 

by placing a second carbon foil downstream of the magnetic field to 

charge exchange the He0 conponent of the beam and to collect the 

current in a Faraday cup placed along the beam axis. 

Because of fluctuations in the He+ from the Rice University 

o 
Mev Van de Graaf accelerator, a photomultiplier placed at 90 

to the beam and placed just downstream of the first carbon foil was 

used as a reference. The use of the photomultiplier, which measured 

total unfiltered radiation from excited states of He+ ions after 

being excited in the foil, allowed the helium charge state fractions 

to be calculated versus energy without the use of single particle 

detectors. This method also allowed the use of high incident He 

currents of about U ndcroaiperes with resulting high counting rates. 

To determine the effects of the foil on the charge state 

fractions, an analysis of foil wear was undertaken using the method 

of this experiment. 

i 



The helium charge state fractions as calculated in this 

experiment are compared with the results of other investigators 

using solid foils, and with the results of Armstrong, et. al.^ 

with carbon foils. 

‘ The ratios of the charge state fractions —found to be in 

charge equilibrium-- give ratios of the cross sections for electron 

capture and loss. The results of the theory of electron capture 

and loss is compared with the results of this investigator and of 

previous investigators. 



SUMMARY OF PREVIOUS EXPERIMENTS 

The capture and loss of electrons by helium ions of several 
3 Msv energy was first observed by Henderson (1922) and was the 

4- 
subject of several early investigations by Rutherford (1921*), 

Kapitza (1921*), Henderson^*(l925)j Jacobsen^(1926) and Briggs^(l927)« 

These studies were all performed with alpha particles from 

radioactive sources. 

The first experimental study of charge changing collisions 

of helium ions using an accelerator above 0.1 Mev was reported by 
9 

Snitzer (1953)* Snitzer measured the equilibrium fractions of 

He0, He+, and He++ charge states in hydrogen, helium, air, and 

IO 
argon over an energy range from o.l to o.l*8 Mev. Dissanaike (1953) 

performed similar measurements in beryllium, aluminum, and silver 

foils for ion energies between 0.13 and 1.1 Mev. Nikolaev/^et. al. 

(1957) have performed measurements at 0.7U, 1.25, and 6.9 Mov in 

celluloid. Armstrong, Vt. al. (1965) measured the fractions of 

He0, He+, and He*4' present in helium beams scattered at 0° 

through thin carbon foils in an energy range from .2 Mev to 6.5 Mev. 

3 



EXPERIMENT 

Procedure 

In these experiments the Rice University 5.5 Mv Van de 

Oraaf accelerator produced a beam of He in the energy range from 

0.65 to 3.80 Mev. The energy and therefore the velocity of the 

beam was selected and measured by means of a 90° turning magnet 

calibrated by a conventional NMR technique. The He+ ions were 

produced by a radio frequency ion source. The energy of the beam 

was known + 5 kev or from + .8 to +.1$. The beam intensity ranged 

from 1 to h microanperes ( approximately 10 
J
 ions/sec.). The 

2 
beam vjas incident on 10 and UO micrograms/cm nominal area 

!Z 
density of thin carbon foils. 

+ 
In passing through the foils the He ions lose a small fraction 

of their energy through collisions with the atomic particles in the 

foil and emerge with a charge state distribution of He+, He0, and 

He at the lower energy. The charged particles after passing 

through the foil are swept by the field of a second magnet into a 

if wave guide arm where they were collected by a Faraday cup. The 

current output from the Faraday cup passed to ground through a 

resistor and the voltage developed across the resistor was used to 

drive a Vidar 2h0 10 KHz voltage-to-frequency converter, whose out¬ 

put was counted by an Ortec U31 sealer-timer. Typical counting 



' FIGURE I 

Apparatus of charge fraction’experiment. 
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rates were on the order of 103 counts/sec. 

Since the beam intensity from the Van de Graaff generator 

fluctuated greatly, the total unfiltered intensity of optical 

radiation from the excited.He+ ions was used as a reference in 

the analysis of the beam charge state intensity. Light from a 

.9 mm. section of the beam was detected by an EKE 6l$6s photo¬ 

multiplier placed at right angles to the beam and just downstream 

of the foil. The current output from the photomultiplier 

through a resistor drove a second Vidar voltage-to-frequency 

converter and a second Ortec scaler. Typical counting rates from 

the photomultiplier were 5 x 103 counts/sac. In order to minimize 

the beam spread, the beam was not focused after passing the turning 

magnet (approximately 5 meters upstream from the foil) and was 

nearly parallel. To increase the intensity of radiation seen by 

the photomultiplier, the collimating slit of the chamber was made 

in the form of a rectangle 2.5 cm. by 0.6 cm. with the long 

dimension of the slit horizontal. The aperture allowing light 

27 
into the photomultiplier was about 2.5 cm. high. 

2 
The He0 ions were detected by placing a 1*0 micrograms/cra. 

carbon foil in the straight arm of the wave guide downstream from 

the analyzing (second) magnet. The He° particles would not be 

swept by the field of the second magnet into the 15° arm but 

would be collected by a Faraday cup at. the end of the straight 

arm. This current was switched to the resistor, voltage-to-frequency 



n 

converter, and scaler-timer and the current from the 15° arm 

Faraday cup switched off (to ground). The number of He0 ions 

would be 

I -W 
+Zn<tyz 

:
H<£ ■I-TH^+4XH| 

T ST. ARM 

ARM 

since F| C-Q i Foeo at these energies where 

Hi and 

++ 

are the number of He and 

He ion3 at that energy. 

A test of the magnetic flux density and magnetic field homo¬ 

geneity of a magnet identical to the analyzing magnet used in 

these experiments was done by D. L. Bernard^Ph. D. thesis). 

Saturation occurred at a magnetic flux density of about 10.7 

kilogauss. This corresponded to a magnet current of about 6 

anperes, and the range used in the experiment was from about 1 to 

6 amperes. During the experiments, a check was made to see that 

the He peak occurred at twice the current of the He peak. 



2 

D. L. Bernard varied the position of a Hall-Effect probe located 

between the pole faces such that the magnetic field read from 

the gaussmeter could be compared for about 20 different probe 

locations. No appreciable change of magnetic field (at about 

ijOO gauss) was observed for probe positions within the volume 

of the gap between the pole pieces. It was then assumed that 

the field homogeneity remained constant for all magnetic field 

values. The current source for the analysing magnet was provided 

by a 3 kilowatt D. C. generator whose field, coils were activated 

by a low voltage, high current power supply. The current to the 

magnet was varied by placing in series with the D. C. voltage 

generator Central Scientific Co. rheostats (variable up to 50 

ohms) and a Welch Co. D. C. ammeter. The current was varied in 

steps of .05 auperes. The peak profile as the magnetic current 

is varied is sbnon in FiguraHT. The flatness of the peaks 

enabled the experimenter to take the ratio of the peaks as the ratio 

of the fraction of He+ and He++ in the beam. 

The data consisted of the integrated beam intensity and the 

integrated intensity of radiation, integrated in 20 second intervals. 

A run consisted of sweeping the magnetic field by varying the 

current to the magnet in .05 ampere intervals and taking the value 

of the integrated beam from the 15 arm and intensity of radiation 

at each current setting. The magnetic field was swept, over the two 



FIGURE II. 

++ + 
He versus magnetic field. The He peak 
occurs at exactly twice the current of the 
He*'1' peak. 
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peaks and the signal from the straight arm was switched on to count 

the He° current. Runs were taken by this method with 10 and kO 

micrograms/cm. carbon foils at energies from ,6$ to 3.8 Ifev of 

the incident He+. Runs were also taken at a constant energy to 

determine the effect of foil wear. 

The data had to be corrected for noise from both detection 

systems and for contributions from light leaks into the chamber. 

This was done by stopping the beam upstream from the foil. Typ¬ 

ically the background was less than 1% of the number of counts 

from the photomultiplier and from the He++peakj however at 

energies close to h Ifev the background was about 10-2$% of 

the number of counts in the He+ peak, since the ratio of He++/He 

increased with increasing energy. However, the background rate 

was very constant and th8 average background could be subtracted 

out with confidence. 

It was also necessary to correct the data from the photo¬ 

multiplier for light produced in collisions between the beam and 

residual gases in the chamber. This was found from the experiment 
2. 

using the computer program of Jordan et. al. with the biased foil 

measurements to be only a snail percentage (a maximum of 2*7% and 

a minimum of 2,2%) of the total radiation. Since this fraction 

stayed constant, it would cancel out and could be neglected in 

solving for the ratios of He+ and He‘!’+ in the beam. 



Analysis of Data 

From the raw data of signal and reference consisting of the 

number of counts from the Faraday cup in the X5>° arm and the photo¬ 

multiplier, the ratio 

(y)^ jj. He?* 
2/v)z H&* 

was formed at each energy. and are the number of 

counts at the He+* and He+ peaks as the magnet current is swept 

during each run. The flatness of the He+* and He* peaks as the 

magnet current is swept indicates that all the He and He ion3 

after collisions in the foil enter the 15° Faraday cup. Thus 

and (Vlg are directly proportional to the number of He++ 

•f 4*^ 

and He ions. Each He ion produces twice as many counts as each 

He+ ion because of its double charge. 

No measurable amounts of He0 after collisions in the foil 

above 1 Hsv were found —the counting rate did not differ from 

the background. There was no measurable current in the straight 

through Faraday cup after any neutrals passed through the second 

carbon foil downstream of the magnet. This agrees with the finding 

of other investigators that the fraction of He0 in the beam is 

magnitudes smaller than the He+ and He++ fractions in this energy 

range 



IZ 

An upper limit to the fraction of He° in the beam can be found 

by comparing the largest number of He0 counts (minus the average 

background with the second magnet current on) with the number of 

He+ and He+* counts (minus the background). In this way the He0 

component was measured at runs at 1 Mev and above, and the upper 

limit of the He0 fraction in the beam was found to be always less 

than l/». 

For example, at approximately l.U Mev the average background 

in the straight through Faraday dup was 237 counts and the highest 

number of counts was 2li5« The He++ and He+ counts were over 

60,000 and li,000 counts, respectively. This agrees with the 

results of previous investigations with solid foils which place 

the fraction of He0 at less than 1$ for energies greater than 

1 *fev. 

The He0 component was not measured for the two runs taken at 

0.65 Jfev incident He+ energy. At this energy, according to previous 

investigators, the He0 fraction would increase to 5»f>-7.0$, and 

so those two points for the fractions of He+ and He++ at .65 Kev 

should be too high by the 5.5-7.C$. 

rxco + | <sD *' 0 



/ 3 

The ratio of 4- was plotted versus He+ incident energy 

for the 10 and UP ruicrogram foils producing two separate curves 

The data from the article by Whaling for energy loss through 

a foil was applied to the 10 micrograra and UO microgram curves. 

Thus the value of for ea°h foil "was plotted versus the 

energy of the beam editing the foil. Since the last few angstroms 

of the foil produced a charge equilibrium distribution, the 

e?s§Lting energy is the characteristic energy of that charge dis¬ 

tribution. The data from both foils now seemed to lie on one charge 

ratio curve as expected for charge equilibrium at each energy. 

Since there was no He° measured as predicted, the fractions 

of Ke+ and He++ in the beam after passing through the foil could 

be found from 

2 
with the 10 microgram/cm. curve located above the 1»0 micrograra/ 

o' 
cm. curve at each energy. 

Then, 

where Fi and are the fractions of He+ and He++ in the 

beam, taken as the equilibrium fractions at each energy. 



FIGURE III 

. 1 .1 _ .J. 
He / He versus incident energy for 10 
and 40 microgram foils. The data for the 
10 microgram foil are above the data for the 
40 microgram foil at each energy. 
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FIGURE IV 

Data from article by Whaling of energy 
loss in the foil. 
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TABLE I 

He 
++ 

He 
Mev 

.7 

1.2 

3.2 - 3.6 

7.0 

8.0 

17. U 

18. U 

33.7 

U6.U 

U8.8 

51.3 

52.1 

.57 

.62 

.98 

1.33 

1.38 

2.U 

2.18 

3.03 

3.55 

3.60 

3-75 

3.79 

l 1t> 



FIGURE V 

++ / + He / He versus exiting energy. The data 
for the 10 and 40 microgram foil's seem to 
lie on one curve after use of data of energy 
loss, in the foil from Whaling. 
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FIGURE VI. 

« . *J« « 
He y He data and data of Armstrong, 
et. al. versus exiting energy’ (smooth 
curve is curve drawn through data of 
Armstrong. 





Validity of Results 

The counting rate of the signal and reference from the 

Faraday cup and photomultiplier •was about 10 counts/sec. The 

background counting rate was of the order of 10 counts/sec. 

The background counting rate was very stable and was subtracted 

from the signal and reference data with confidence in the re¬ 

confidence limit decreases with the square root of the number 

of counts* 

The lowest number of counts and greatest possible error, 

occurred at high energies close to U Mev where the value of 

greatly reduced to about 20 counts/sec* The background was 

10-25$ of the signal, and generally very constant over the 20 

second counting interval* Since for the high energies (low Ke 

counting rate) it was necessary for the background to be low aud 

constant to insure good statistics, the data of 9 runs was 

discarded when the background became large and erratic. This 

problem was corrected by increasing the incident He ion current 

and by better electrical shielding. For example, at the highest 

energy of 3*8 1-fev, the background was 76, 75, 75, and 78 counts, 

and the average of 76 counts was subtracted from the signal of 388* 

suiting counting rate since the standard deviation or 70% 

There the number of signal He+ counts was 



Experience has shown that at least three checks must be 

made at every run before the data will be acceptable as valid: 

20 

1) The current incident on the foil should be high 

enough to insure good statistics for the 20 second interval. 

2) The counting rates from the scalers should be checked 

with previous runs and a check made to insure that any beam 

fluctuation does not overload the scalers. 

3) The background rate should be checked during each run 

and kept below 10$ of the signal at all times. The background 

should not fluctuate with the data. Care should be taken to see 

that all parts of the system are carefully grounded and shielded. 

Data at 1 Mev incident energy with one 10 microgram foil was 

taken for 12 runs over the range of a day during one set run and 

at 1 Mev at a second set run to find the repeatability of the 

data. After an initial 10$ increase in , the value of 

oscillated about 3*5 + 3>% of the first set run. 

The data of Whaling for energy loss for alpha particles in 

the foil were considered to be accurate to within 10$. The 

maximum energy loss in the foil was 82* kev. + 8.1} kev. This 

maximum energy loss in the foil occurred at the lowest incident 

beam energy, 650 kev., representing a maximum error of 

650 



Since the counting rate was high, and since the value of % 

4. 4*4- 
U><XS repeatable to within + 3%» the fraction of He and He 

in the beam after collision (no measurable He0 in the beam) is 

accurate to within + 3% over the total energy range. 

e* 



Experimental Results 

The results for the fractions of He+, He++, and He° agree 

•well with-the results of previous experiments. There was no 

detectable He0 in any of the runs at 1 Mev and above. This agrees 

•with the expected fraction of He° in this energy range which was 

shown by previous experiments to be negligible compared with the 

4- 44. 

fractions of He and He in the beam. 

The fact that the 10 microgram curve lies above the hO micro- 

+4* » 4* 

gram curve in plotting He /He vs. energy supports the argument 

that charge equilibrium is reached in even the 10 micrograra foil. 

For an incident beam of He+ particles, the ratio of He++/ He+ 

would be expected to be less than the equilibrium distribution and 

not greater. The difference between the curves of 10 and ijO micro¬ 

gram,'foils can be explained by use of the stopping cross section of 

the atoms in the foil. YJhen the charge ratios are corrected for 

flT 
the energy loss in the foil from the data by Whaling, the data for 

44 4 
both foils seems to produce one curve of He / He vs. energy. A 

least squares fit of the data above 1 Mev produced a best fit of 

Ola s A 1 .©g 
GTu ' ' u 

A plot of log He++/ He+ versus log E appears to be linear for 

energies above 1 Kev. 



FIGURE VII. 

Log (He / fie ) versus exiting 
Graph shows the E^ behavior of 
at energies above 1 Mev. 

energy, 
the data 





The results by Dissanaike of log He++/ He+ versus log E show 

a slope of 2.55 + 0.06 in the limited energy range of .1*3 to 1.1 

Mev (the maximum energy used by Dissanaike). For energies below 

0.1* Mev, using mica and metal foils, the results of Dissanaike 

closely fit a relation of the form 

= O.OI«J-o.o&ty E + I.^S 
Oh 

^c. IN nev.) 
Armstrong, et. al., using thin carbon foils, do a least squares 

fit of their data of the ratios of l and 

The best fit to the rating} \\<py over the entire energy range of .2 

P z<& 

(E IN MSV.') 
If the very low energy data are negLected, the best fit parameters 

are altered and the energy e^onent decreases from the value 2.13 

and approaches a value of 2.0 as successively higher energy data 

points (up to 1 Mev) are dropped from the least squares fit programme. 

Considering only those data points for energies above 1 Mev, the 

least squares fit is 

to 6.5 Mev is 



2 e 

¥~no 
Fa^o 

/• -*• ^v r--Cz.oo±o.oz) (o.Z72> - Q.005JC. ' 

(Em Mev.) 
These least squares fits strongly suggest that the electron 

capture and electron loss cross sections vary vdth ion velocity 

in such a way that, for energies above 1 Mev, 

I ~ / 

Ez nr* 

Twelve runs were taken at 1 Mev incident He energy on a 10 
2 mici'ogratr/cm. carbon foil to find the charge fractions in the beam 

versus time that the foil is in the beam. The results show an 

initial increase in ^ ak°ut and the oscillation 

about a mean value of 3*5 with a spread of + 3% for the remaining 

ten runs 



FIGURE VIII. 

-H- + 
He / He versus time in foil-, wear 
experiment. 



-m 



THEORY 

Charge State Fractions 

^ g|| 
The fractions of He0, He+, and He present in the beam can 

be related to the cross sections for capture and loss of electrons. 

Let , and represent the fractions of 

He , He , and He ions in the beam at a variable depth in the foil, 

and the number of atoms per unit area in that depth. Let 

Dp| and denote the cross sections for loss and for 
© . + 

capture of electrons respectively in the exchange He-^n?He , 

and 0^ and Ojy the corresponding cross sections for the ex~ 
+ ++ 

change He He . Then, if •we neglect the cross sections for 

capture and loss of two electrons in a single encounter, we may ' 

write for the change in composition of the beam in traversing a 
D 

layer C\^ , 

p 
T&. 

H 

do •£, - cy^'i -fo 

ZTo I -re, “ CT, £>•?•, +. OSl+a 

&lz$> -Oai-Pst 



The Kean free path for charge exchange in the He^n^He+ trans¬ 

ition may be expressed by and for the 

He4|r-»He'M transition Since the cross 

sections remain very nearly constant for a change of energy in the 

beam corresponding to one mean free path, we may expect charge 

equilibrium to be established for *)(& ^l*)v©| or • 

With this condition satisfied the equilibrium conposition of the 

beam is given, from equations by 

-f-ifo _ OOL 

■fep) cio 
2) 

= Ola. 

To find •what foil thickness is sufficient for charge equi¬ 

librium of an ionic beam, we may make estimates as follows: 

Consider an estimate of the thickness of a carbon foil necessary to 

bring a beam of doubly charged alpha particles of 6,780 kev. to 

charge equilibrium in which, judging from the known ratios in air 
/£> _ 

(Rutherford, 1921*) and F]G5~ 0,005’* 

Since values of anc* O&l in air are known (Rutherford, 
2 ++ 

192U) we can calculate the number of atoms per cm. which the He 

must traverse before »// S 0.^0 • At this energy, the beam 
yfrlA} 

can be considered as a two-conponent system. 

Pi + Fa. — I 
(2a.) 



29 

From «PF, = -J Fa = C~F| crlz_ + Fa. cr^d'tr (2t) 

where ilT is the number of target particles per cra.^ caused 

by a rise in pressure <5?P • 

The solution is 

Fi = F~ico - Ficz e.->t.p[f-Tr^cna+<^i)J (2c) 
Ft - o.qo At 

l FM 7r&n =(i°%& io)fe+°aiy 
Since Olz. = 1.7 x ICT17

ma, (?2.| = O.OOf'fx lo C!Y| 

we obtain Tr@'F'{* ~ )^.^f X | 0 * ^ atoms of air per cm.^. 

A 10 microgram/cm.^ carbon foil contains 

IS" 

-rS\ 
IQ 1 Q:M,u. x 1 cftovr) 5*o*(0' 

cw\.a 1.66X10*^^ l£a.wi.u 
VIS 

Thus, th.e thickness of the carbon foils used was several times 

the mean free path for charge exchange; hence the measured intensities 

>m 

£ 

of the He , He , and He ions in the beam emerging from the foil 

were proportional to the quantities I ^ anc* 

of equations 2.) . 

Since and 0*a| are both inversely proportional to powers 

of velocity, /|'|*” effective will greatly decrease with decreasing 
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incident velocity and thus the beam is in charge state equilibrium 

in the thin, carbon foil at all energies below 6.78 1-fev. 

These relations neglect the process by -which two electrons 

are captured or lost in a single collision of the helium ion. 

Although there have been no direct measurements of this process 

over the entire energy range of this experiment, Allison has made 

such measurements in hydrogen, helium, and air for ion energies 

between 150 kev. and li50 kev. Taking as representative the 

average of the three values which he obtained for h50 kev. ions, 

*5“ 

one finds that C5o=0.0«?S-a, . Double electron loss is 

kev.(c“©a.< 001 <3©i) observable in hydrogen and helium at 1*50 kev 

while in air On the basis of these 

measurements the neglect of double electron transfer processes appear 

to be justified. 



Electron Loss 

The problem of electron loss presents a close similarity to 

the ionization by high speed particles. The analogy is particularly 

clear if we consider the system of reference- in which the alpha 

particle is at rest and subjected to the bombardment of the atoms 

\k> 
in the stopping material. Bohr (19ij8) considers the case of 

collisions of an slpha particle with atoms of low atomic number 

where the orbital dimensions of the atomic electrons are larger 

than, or comparable with the radius of the bound state of 

the electron round the alpha particle. For velocities large compared 

with the ionizing effects of the atomic particles (the bound 

electrons and the nucleus) are approximately independent of each 

other and the collisions in question just constitute the so-called 

"free collisions" in which the binding forces may be disregarded. 

From Bohr, 

OT - .1 ZT(tOx)^ 
NAR 

(3 a) 

where the sum refers to the effects of the nucleus and the electrons 

in the atom of the stopping material. 

Q3) 07 = 2TT6* (ZZ + 2Z)±_ 

A  ? r junr 1 
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where I is the energy required for the removal of the electron 

from the particle, and Zg is the atomic number of the substance 

penetrated. Putting 

I*vs: 

and introducing Qa" as a convenient measure of the cross 

section ion, (<5>) may be written 

(*0 % = ^ira?2r*(^+2aY.3& 

For stopping materials of higher atomic numbers, where for 

the most firmly bound electrons$£«C ^^these electrons and the 

nucleus will, even in close collisions, no longer act independently 

on the electron carried by the alpha particle, but the total effect 

will more resemble that of a screened nuclear field, with the 

result that will be considerably smaller than given by . 

In the limiting case of large Zg we must expect a value for 03 
of the same order as TT&Q and largely independent of Zg as well as 

■of v. Bohr shows that for intermediate Zg we may approximately 

account for the ionization processes by means of classical mechanics, 

and Bohr obtains 

& v 
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For inelastic collisions with He+ the equivalent of the Born 

first approximation involves the replacement of the plane wave 

functions by Coulomb wave functions corresponding to the nuclear 

charge. This approximation is referred to as the Coulomb-Born 

17 
approximation . Burgess has used this approximation to calculate 

cross sections for ionizing He+. At high energies the Coulomb 

functions can be replaced by plane waves and the observed He+ 

18" 

scaled cross sections do tend to those of Fite and Brackmann 

for hydrogen. No important error is made by using plane waves 

provided the incident energy is greater than four times the 

threshold value which for ionization of the ground state of He+ 

is 53«3 ev. Thus, for an incident electron energy of 210.2 ev 

(approximately 1.5 Hev He+ energy for the same relative velocity) 

the Born approximation may be used. 

excitation of a level of the continuous spectra, the total cross 

Using the differential cross sections JC 

section for ionization may be calculated by numerical integra¬ 

ls 
tion using the formula 

0 

where 



For high velocity impacts (electron energy greater than 1,000 

. XO 
ev) using an approximation by Bethe, 

Qo= -2-85' TT€^~ IQQ / S/wx'y2' \ 
\B0\ /my2 'A\o.oH-g>|Ec|/ 

Qt * I03 E 

for hydrogen at high electron impact velocities. 



Electron Capture 

While electron loss is essentially a two-body problem, the 

electron 'capture presents us with a phenomenon in which energy and 

momentum are exchanged between at least three particles. In a 
2.1 

treatment of the problem on classical mechanics (Thomas, 1927)» 

the electron capture in light substances was described as a double 

process; the first part being a collision between the incident 

particle and an atomic electron, in which the latter obtains a 

velocity of the magnitude v, and the second part being a collision 

of this electron with the atomic nucleus, resulting in a 

deflection after which the electron velocity also in direction 

coincides closely with that of the capturing particle. 

Electron capture does not deal with processes defined by the 

wave functions at large distances from the scattering center. 

Electron capture presents us with an intricate collision process 

for the result of which the interference of the scattered wavelets 

during the overlapping of the atomic fields may be decisive. In 
22 

fact, as shown by Brinkman and Kramers (1930) in their detailed 

treatment of this phenomenon by means of Borns approximation, the 

probability of capture is negligible, except in collisions where 

the two nuclei pass each other at distances comparable with the 

wave length. corresponding to an electron with velocity v. 
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Their calculation gives a dependence of O t on the charges of the 

nuclei and on their relative velocity which differs essentially 

from that obtained by means of classical mechanics. 

For the cross section for capture by a nucleus ^j of an 

electron bound to a nucleus Brinkman and Kramers derived an 

expression which, for ir large compared with the orbital velocities, 

a'VS Sz'Vo, 
may be appro:draately written 

*. 

oz* zULmfzfzf/VoV2- to 
s W" / 

For smaller velocities, the calculation cannot claim any 

considerable accuracy. The classical equation of Thomas gives the 

chance of a capture in path distance dl of the particle 

\7/ 

W ~ 64-vfT m§ N i( 2J2 f /a»r/i 
3 eHr. ) [V 

This formula gives the chance of capture of an electron by the two- 

body collision method. If the matter is gaseous, it should be summed 

over each electron together with each nucleus in a molecule; if solid, 
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over each electron in an atom together with each neighboring nucleus. 

It is really only applicable to alpha particles moving in hydrogen 

or helium. 

For particle velocities of the same order of magnitude as the 

orbital velocities of the electron before and after its capture, 

neither classical mechanics nor the Born approximation can yield 

(191*8) 

(V 

accurate results. 

Using, statistical considerations to estimate » Bohr 

obtains 

e- ****** 4'ir4?2fr2j*n£. 
vr 

The results of this experiment of the behavior of 

energy can possibly be explained by ©4Of" an<* 

However, the expressions for these cross sections 

versus 

Tr ¬ 

end 

wxatssmsim 

AT 
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from Bohr (1948) where ^.j " for helium ions 

suggest a much stronger dependence on —the atomic 

number of the foil— than is found from this and other 

experiments. Also, Bohr suggested the use of 

OZ 1TQ.I zj*f'Ve\ 
: z~ \y) <10> 

instead of (9) for foils of "intermediate" atomic 

number. . . 



CONCLUSIONS 

Charge State Analysis 

The data of the charge state ratios of helium ions having 

energy above 100 kev. and equilibrated in solids which is used 

for comparison is shown in Figure3J[» The data plotted include 

those of Rutherforc/(l 92ii), Henderson (1925), Dissanaike (1953), 

U, „ . 
and Nikolaev, Dmitriev, Fateeva, and Teplova (1957)* The 

measurements were made using equilibrating films of mica, 

celluloid, gold, copper, silver, aluminum, and beryllium. 

Henderson and Dissanaike both reported that the measured fractions 

were independent of the equilibrating foil. 

The results of this experiment with a thin carbon foil show 

that there is a general tendency, more pronounced at lower energies, 

in the data to be shifted toward lower energies when compared with 

the measurements previously reported. The results of Armstrong, et. 

al. , using a thin carbon foil, show the same tendency in the data 

when compared with previous works on solid foils. Dissanaike reported 

that T~|COS at ^U5 kev., in the present data at 

585 + 20 kev., and from the work of Armstrong, et. al. at 565 + 5 

kev. 

If the charge fractions are independent of the equilibrating 

39 



FIGURE IX 

Data of Rutherford, Henderson, Dissanaike, 
Nikolaev, e_fc. al_. and Armstrong, et.. al. 
(smooth curve is curve drawn through data 
of Armstrong, .et_. al_. The data of Armstrong, 
et. al. of fico , the fraction of He* in the 
beam is below the single curve of the data 

fico from Rutherford, Henderson, Dissanaike, 
Nikolaev, et_. aiL. at each energy. 
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FIGURE X'. 

+ 
He data with smooth curves from Fig. IX 
(error bars indicate + 3$)• The-data points 
are the He+ fractions of this investigator at 
each energy. 





material, there may be two possible explanations. The discrepancy 

between the results of various investigators and that of this 

investigator and of Armstrong, et. al. may be due to either in¬ 

accurate energy calibration or the effects of target surface 

contamination. 

This investigator used a beam of He+ particles from the Van de 

Graaff generator calibrated by use of nuclear magneric resonance 

procedures and is accurate to within ^cev. over the entire energy 

range of the experiment. The target stopping corrections were confuted 

, 
from Whaling and were considered to be in error by no more than 10%» 

The final energy value in this experiment is accurate to within 

less than + 10 kev. over the entire energy range. 

1 + 
Armstrong et. al. used a beam of He particles from a Van de 

Graaff accelerator calibrated through use of well known 

resonances, and the final energy value in Armstrong's experiment is 

accurate to within + 5 kev. over the entire energy range. 

In this experiment, a photomultiplier measuring the total 

+ 
He optical radiation, and a current integrator measuring the 

large beam currents ( approximately 10 J par tides/sec.) were 

used. This method gave excellent results over the entire energy 

range when compared with the results of Armstrong, et. al. using 

single particle detectors and low beam currents. 



*3 

The -work of Phillips (1955) with low energy hydrogen ions 

demonstrated that, as a result of the large cross section involved, 

a foreign surface layer could drastically alter the value of the 

charge state fractions emerging from a foil. Since by far the 

most significant material build-up would be elementary carbon, 

the use of a carbon foil would minimize surface contaminant 

effects. 

Though it is possible that surface contaminants could account 

for the observation that the equilibrium charge state fractions were 

independent of the equilibrating material, considering the differences 

in contaminants among experimentalists, it is surprising that the 

charge state fractions, as measured by various experimentalists, 

do not differ by large amounts over the entire energy range. 

On the contrary, for data above 1 Mev, all the data tend to 

become nearly the same except that the data for carbon which might 

be expected to be representative of all foils if they became 

contaminated, is shifted towards lower energies as seen by the 

present results and the results of Armstrong, et. al. 

Thus, it seems that above approximately 2 Mev, the charge 

fractions are independent of the equilibrating material but 

dependent on the equilibrating material below approximately 

2 Kev. 



Foil Wear 

The greatest uncertainty in the data is that attributable 

to the effects of foil wear. As the beam impinges on the foil, 

the foil blackens with carbon deposits. Other effects are eroision 

of the foil, formation of pinholes, and foil rupture. 

Twelve runs of the charge-changing experiment were performed 

A 

with one 10 mlcrogram/cm. foil. Each run took over one-half 

hour to conplete. 

The results show an initial increase in 

for the first runs, and then oscillation about 3.f> with a spread 

of + “>>% for the remaining ten runs. These results at 1 Mev, in¬ 

cident energy were taken to be typical for the entire energy range. 

The results of Armstrong, et. al. show that there was no 

observed difference in the charge state fractions measured with 

new foils and those obtained after a foil had been exposed to 

the beam for a long period. Armstrong, et. al. used single particle 

detectors ( a Csl disc in optical contact with a photomultiplier) 

and low beam currents. At each energy, the total number of counts 

5 6 
recorded in all three charge states was typically 10 to 10 

whereas in this experiment beam currents of 10^ particlos/sec. 

collided with the foil. Therefore, Armstrong, et» al. could not 

about 10# 



observe the foil wear effect as seen in this experiment since 

the beam intensity was many times smaller than in this ex¬ 

periment. 



Collision Mechanism 

For alpha particle energies greater than approximately 2 Mev, 

it is found from this data and from previous •work, that for both 

protons and alpha particles, the charge exchange behavior is 

independent of the atomic number Z of the material used. 

The theories of single collisions generally predict a large 

Z dependence. It may be that in a foil the charge transfer 

properties.are determined by the lattice and electron band 

structure rather than by the electronic configurations of in¬ 

dividual atoms. If this were so, the usual theoretical treatments 

which deal only with single collision effects would be inapplicable. 

The results below approximately 2 Mev by this investigator and 

by Armstrong, et. el., on this carbon foils, show a difference 

in the charge state fractions from that of Dissanaike who used 

metallic foils in the range of 0.13 to 1.1 Mev. The results of 

Snitzer (1953) for the charge exchange of alpha particles of 

energies between .1 and .U8 Mev in the gases hydrogen, helium, air, 

and argon show a definite dependence on Z. Armstrong, et. al. first 

stated the conclusion that the process of exchange is Z dependent 

at low velocities while agreeing with the conclusion that the 

process of exchange is Z independent at high velocities. 

The velocity of the particle for which fTgAT*, according to a 
Jt c 
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sinple theory of electron transfer, is significant since the processes 

of capture and loss become equally probable when the linear velocity 

of the ion becomes about equal to the orbital velocity of the 

transferred electron. Dissanaike showed that the results on the 

passage of ions through metals seem to bear out this hypothesis. 

However, the results of this investigator, which agree with the 

results of Armstrong, et. al. in the energy range of 0,6$ to 3*80 

Hev, indicate a difference from Dissanaike's result of where 

thin carbon foil, the collision cannot be considered entirely as 

free particles (electrons) striking the helium ions. 

conclusion being that at-least in the case of a 



PART II 



INTRODUCTION 

The results of the charge state fractions of helium ions 

after passing through a thin carbon foil were used to normalize 

the data of Jordan, Bakken, Yager (1967) of relative excitation 

populations of the Y)sJ5T states of He+ as a function of energy. 

Jordan, Bakken, and Yager—referred to hereafter in this thesis 

as JBY—used the beam-foil excitation process for ions with 

beam velocities ranging from h*S x 10 to 2.8 x 10y cm./sec. to 

study the time resolution of excited ions after collisions in 

the foil. JBY obtained the radiative lifetimes and relative 

populations of the excited states contributing to the observed 

3203 A spectral line. In the experiment of JBY, the total 

charge was measured, where 

9sm» 

and > /% and/% being respectively, 

the number of ions of He+ and He++ which are collected in the 

Faraday cup. The data from this experiment on charge state fractions 

was used to normalize the relative populations of the 

level to the total number of ions, which are collected. 

The resulting cross section curves decrease much faster with energy 



than the Bethe-Born or Coulomb-Born theories predict. 

Of interest is the normalization of the number of 

He+ ions in the beam after collision as this result resembles 

an impact excitation curve. 



BACKGROUND 

JBT used the high energy atomic-beam technique to determine 

excitation cross sections in fast-ion. collision processes. The 

cross sections determined experimentally can’ be conpared with 

Coulomb-Born calculations. In the experiments, a monoenergetic, 

high velocity (approximately 10^ cm/sec?) helium ion beam passes 

through a thin carbon foil (approximately 10 nrLcrogram/cm. ). 

At the foil some of the atoms in the beam are promoted to excited 

states. Since atomic excited states with electric dipole 

transitions to loner states decay uith lifetimes on the order of 

Q 

10“° sec., there is appreciable radiation from the beam several 

cm.s downstream from the foil. The contribution to the decay 

curve from the various fine structure states was determined by 

a least squares fit of the data to the function 

^ Ax 
where the sum is over the observed fine structure states to the 

observed intensity just as the beam emerges from the foil, and the 

are the lifetimes of the fine structure states. The lifetimes 

found are in excellent agreement uith computed values. 

th 
The number of states formed at the foil for the i state, 

f\j. , may be found by integrating over the decay curves for the i 
A 

th 

5o 



state: 
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The relative populations for the orbital angular-momentum 

states were not populated according to their statistical weights after 
2 

collision with a thin (10 microgram/cra. ) carbon foil. If the carbon 

foil is pictured as an electron gas, then the excitation cross 

sections should be the same as fast electron excitation cross 

sections for the same relative velocity. Calculated values for 

*09 2 these cross sections are typically on the order of 10 ' cm. 
Z6 

(G. F. Drulcarev), which would yield about two ion-electron 

! collisions in. the foils used. Thus the high-energy atomic-beam 

j technique provides an additional method for study of fast-ion 

i impact-excitation cross sections. The total relative cross section 

• for excitation of they)2^ level is the sum of the relative 

populations of the fine structure states 



THEORY 

In the beam foil excitation process, the excitation of an 

ion is abrupt (approximately 10“^ sec.), and occurs at a pre¬ 

cisely known point in space. The history of an excited ion can 

be monitered very accurately during its lifetime as it moves 

downstream from the exciter foil. Because the pressure in the foil 

chamber is low and the beam's particle density is low, the atoms 

in initial excited states defined by the quantum numbers j y*) 
are unaffected by their surroundings and eventually decay spontaneously 

to other final atomic states 

If N is the nuMbsr of atoms in the initial excited state, the 

number at some later time will be 

N(t)~ N°e"°>^ C'2) 
if cascades to the upper excited state are neglected. Here 

is the reciprocal of the mean life of the excited state 

Since the intensity of a spectral line (in pho{ons/sec.) is given by 

I rrfjNy^ 
the time variation of intensity will be 

TOO = 
Oil OH") 

52- 
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where is the spontaneous 

transition probability per second for the radiative electric dipole 

transition to occur. Thus we have 

i 
i.N " " 'cx 

Quantitative measurements of (*0 are made by observing light 

at 90° from the beam from a beam section having length £ ^ with 

its center located a distance oc downstream from the exciter foil. 

If .'XT’ is the velocity of beam particles, theft 'i-='\rg, and 

Os) 

Ifr)=+ 3EA N °(Ji vu; -> h'i\) s inh oi; S 
oils i rLv J 

where JM, is a proportionality constant involving the efficiency 

of the optical and detection system, and'Xf* is the particle velocity. 

The shape of the decay curve is independent of ^ when the decay is 

a single exponential. PromQ (&) relative Intensity can be related to 

relative population. 

Since oU\ 
nr 

is very small, Hn.si.nh QA& I 

UAS 'V 

and thus the relative intensities of each exponential decay curve 

can be related to relative populations once 



is known: 

K/Vj - Tco) .A r)liji"*n/,ly 
N°Kjj?ij, T(p) nj[,j, J^rnij —^Ys'Jt'y 



RESULTS 

JBI found the total, relative population of the Vi s. «S* 

level as a function of bombarding energy. The normalization of 

the experimental data was to the ion-beam current after it passes 

through the thin foil. For a given number of ions, this current 

changes as a function of ion-beam bombarding energy. The total 

charge, ^«*j» , was measured 

^ •*£*> SS G ca *%* & nsn 
\\ » Jbs0 4k tJJU 

The data from this experiment on charge state fractions was 

used to normalize the relative populations of the level to 

the total number of ions, /Y|*£j> which are collected. 

To do this a correction factor of C?= RteV+2. 
Jr | 

is a function of bombarding energy. 

The ~£T level population and the angular momentum state data 

obtained with this correction factor are plotted as a function of 

bombarding energy. The error bars indicate estimated 10% confidence 

limits. The principle sources of uncertainty in the raw data of 

JBT are the uncertainty in the foil position to which the amplitudes 

are extrapolated, and the repeatability of the measurements from 

run to run. 

must be applied to the raw data of JBT, where 
rAft= "ML 

ssr . 



FIGURE XI. 

Data of JBY normalized to n-j- + nj-j-. The 
data does not follow for the n =■ 5 
population a l/E or lop; E curve, versus energy. 

E 





FIGURE XII 

Data of Fig. XI corrected for foil wear. 
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the number of It is of interest to normalize the data to Mx > 

He+ ions emerging from the foil. This entails a correction factor 

Or I ^ • where again R{g)~ Mg 

R(£) /War 
Since charge equilibrium is reached in the foil, the charge dis¬ 

tribution. for excitation that is seen by the carbon atoms might be 

the number of He+ ions in the foil. The number of He+ ions in the 

foil is related to the charge state distribution at that energy and 

is not a function of the fraction of incident He ions. 

The uncertainty in the results is quite large, about + 2$%* To 

within that uncertainty, hoi$ever, it appears that the fraction of He+ 

ions in the level is a constant, independent of the energy. 

This behavior might be interpreted as the high-energy tail of an 

impact excitation curve. The equivalent electron energy is plotted 

for reference. 



FIGURE XIII. 

Data of JBY normalized to nj. The data 
possibly resembles the tail of an impact 
excitation curve as in Figure XIV. (+ 25^ 
error bars). 
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CONCLUSIONS 

Population of nc 5 State 

The results of the excitation experiments of JBI, after the 

data have been normalized to the number ^ > of ions in the 

beam indicate a rapid decrease in the K} population with energy. 
r««w mmm 

■"* «J-0 (5. 

normalized to the 1 Mev data point. It has no obvious significance, 

but serves to illustrate that the excitation cannot be understood by 

a simple Bathe-Born formula which would give a I or 
lo$ E 

dependence on the energy for optically not allowed and optically 

allowed transitions, respectively. 

If the data are normalized to ^X , the number of He+ ions 

+ 
emerging from the foil, it appears that the fraction of He ions in 

the 10*=“£T level is a constant, independent of the energy. The uncer¬ 

tainty in the results is quite large, about * 25$. This behavior 

might be interpreted as the high energy tail of an impact ex¬ 

citation curve. The high energy tail of the data when plotted in 

equivalent electron energy units corresponds to the position of the 

R\ + ^ I 3 O 
tail of the^^pelectron inpact cross section for He . ' 

6C> 



FIGURE XIV. 

IS - 5? excitation cross section for 
electron-He+ collisions. The graph is 
plotted in E/E0 (the ratio of the 
incident electron energy to the' ion¬ 
ization energy of He+), and in incident 
electron energy and He+ energy units 
(the equivalent energy at the same 
velocity). 





Implications for Further Work 

Excitation cross sections from the ground state of He+ to the 

Y) ^"excited level are expected to be on the order of lcT^cm.^, 

so that feu excitation collisions occur. Three other excitation 

processes may contribute to the net population of the level: 

1) multiple excitation of He+ ions by successive collisions, 

2) capture of electrons in the JO *"**£ET states by He++ ions, and 

3) excitation by radiative cascades from higher excited states. 

In addition, there can be transitions into and out of the states of 

natural helium. The rate equation which describes these processes is 
Y\ €?UTt~aj 

Ms Pc ^ fe 

•+■ ZZ./vijfcDjs-r + ZljuAVfc,^:5
/rv,he« 

fV\is tne population of the ft] s level, is the radiative decay 

rate, Tr is the velocity of the beam, is the number density of 

carbon atoms, 0** is the ionization cross section for the$~Slevel, 

iff}, 
Xic 

S' 
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is the cross section for nonradiative transitions from the 

^^>5° level to the He+ level. ^ is the rate at which 

the level is populated by radiative transitions (cascades) 

from higher excited states, is the population of the He++, 

^2X1? ^he cross section for the piclc-up collision in which a 

He++ ion captures an electron in the 11 level, /VIJ is the pop¬ 

ulation of the excited state, and^^gp is the cross section for 

nonradiative transitions from the j He excited state to the V] ” XT 

level. is the cross section for electron capture into the 

r^*1 He+ excited state (which might be an autoionizing state) and 

cross sec^i°n f01< the ionization and excitation from 

the r*'*1 He+ state to thelevel. If the state is in equilibrium, 

then g- 0 and 

/% = (wxtOss +£^0(3^+% 
+
 21 jei'j “!" p<Ar-i‘'b'

1 

(n) 

( 
The theoretical evaluation of either of these two equations is a 

conplex process. The available expressions for the cross sections are 

formulated in the Born approximation, whose validity for He'r- C 
collisions in the energy range of these experiments is certainly open 

to question. Both and"^f^are affected by collision-induced 



transitions* Bough numerical estimates indicate that each of the 

quantities in equations^/*?) may be significant. 

Two experiments suggest themselves to illuminate the problem: 

one is an absolute measurement of the ratio. 

The second is. a survey of the Be spectrum to gain some insight into 

the relative populations of the various excited states. 



PART III 



INTRODUCTION 

Two separate experiments were done vising the high energy beam- 

foil technique to measure the amplitudes and lifetimes of the fine 

structure states of the n » 5 and n * 1* levels of He+. 

In the first experiment—hereafter called the biased foil 

experiment—bias voltages of 0, +90, and -90 volts were applied 

o 
to the target foil, and the amplitudes and halflives at 3203 A 

+ 
were observed after the He beam passed through the foil. As 

;>,?> if, as- 
explained in this thesis and by JBY, a plot of the intensity of a 

given special line against the distance to the foil from the point 

of observation in the beam can be translated into a measurement of 

the amplitudes and halflives of the states contributing to the 

spectral line. JBI used a bias voltage of +k$ volts on the carbon 

foil in their experiment. 

In the second experiment—hereafter called the polarization 

experiment—the polarisation of the radiation from the beam after 

collision with the foil was measured by observing the radiation 

after passing through a polarizer. The radiation at 0° and 90° 

o o 
to the beam was measured at 1*686 A and 3203 A with bias voltages on 

the foil of 0, +300, and -300 volts. 



EXPERIMENT 

In these experiments, the Rice University 5.5 MV Van de Graaff 

accelerator produced a beam of 1.00 Kev He+. The velocity of the 
Q 

beam throughout these experiments was kept at 6.59 x 10° cm/sec. 

and was known to + 0.5$. The beam intensity ranged from 1 to L 

microamperes. The beam was incident on. a thin, self-supporting 

carbon foil of 10 micrograms/cra.^ nominal area density. In the 

biased foil experiment, the foil was biased-, at 0, +90, and -90 

volts, and at 0, +300, and -300 volts in the polarization 

experiment. 

Light from a 0.9 mm. long section of the beam was focused on 

the face of an EKE photomultiplier. In the polarization 

experiment a sheet of polarizer was placed in front of the photo¬ 

multiplier. The polarizer could be rotated to have its axis of 

polarization at any angle with the beam axis. The transitions 

examined (n *= 5 to n ** 3* and n c U to n ** 3) were selected with 
O ' 0 

Baird Atomic narrow band interference filters at 3203 A and 1*686 A 

respectively. 

. The detection system was operated similar to that in the ex¬ 

periments of JET. The current output from the photomultiplier 

passed through a resistor and was used to drive a Vidar 2lj0 10 KHz 

yoltage-to-frequency converter, whose output was counted by an Ortec 



JU31 scaler-timer. Typical counting rates ■were on the order of 

10^ counts/sec. 

Since the beam intensity from the Van de Graaff accelerator 

fluctuated greatly, it was necessary to integrate the beam current 

to use as a reference in the analysis of the integrated optical 

radiation intensity. The beam was collected in a Faraday cup and 

passed to ground through a resistor. The voltage across the 

resistor drove a second Vidar voltage-to-frequency converter and a 

second Ortec scaler. The actual numbers used in the analysis were the 

ratios of the integrated spectral line intensity to the integrated 

beam current. 

In order to vary the- distance between the foil and the point of 

observation, the foil was moved by a rack and pinion mechanism from 

about 13 cm. upstream of the photomultiplier to about 2 cm. past the 

photomultiplier. In the biased foil experiment the pinion gear was 

moved by hand and data taken at 0, +90, and -90 volts at each 0.50 era. 

of the run. 

In the polarization experiment, the pinion gear was driven by a 

synchronous motor at a speec of 2 r.p.m. One-quarter cycle of the 

Geneva mechanism took 30 seconds. For a 15-sscond interval in this 

30 seconds the detection systems are grated on. During the 15 seconds 

when the detection systems are gated off, the foil is moved 0.50 cm. 

and the scalers are reset just before the detection systems are gated 



FIGURE XV. 

Apparatus for biased foil and polarization 
experiments. 
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FIGURE XVI. 

Data of biased foil experiment. The 
total intensity at -90 volts is higher 
at each energy than the 0 volt and -90 
volt intensities. 
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on again. The counting is done during the 15 seconds when the 

foil is stationary and the scalers are read during the 15 seconds 

are read during the 15 seconds when the foil is being moved. 

In the polarization experiment the scaler readout, subtraction of 

background, and ratios of signal to reference were done using 

Rice’s IM 1800 computer. 

The raw data consisted of the integrated spectral line intensity 

and the integrated beam intensity taken during the same period of 

time. A run consisted of approximately 30 such data points taken 

at intervals of 0.50 cm. or 7.18 x 10"^® seconds. The data had to 

be corrected for noise from both detection systems and for con¬ 

tributions from light leaks into the chamber. This was done by 

stopping the beam upstream from the foil. The corrections were 

found to be no more than 1% of the signal from the photomultiplier 

and less than 10$ of the signal from the beam integrator. It was 

also necessary to correct the data for light produced in collisions 

between the beam and residual gases in the chamber. A conputer 

was used to generate a residual gas correction necessary to fit the 

data with the theoretical lifetimes. 



RESULTS 

Biased Foil Experiment 

An experimental run following the procedure of JBI was taken 

with the foil biased at 0, +90, and -90 volts at each point during 

the run. 

An exponential fit program was used to fit the four exponentials 
o 

to the data taken with a 3203 A filter. The lifetimes and arrplitudes 

of the 5S, 5D, and fine structure states of He+ were both 

varied to find the best fit to the data. Partial derivative of the 

best fit parameters were taken to insure that the difference between 

the theoretical curves and the experimental data were at a minimum. 

For a 0 volt bias on the foil, the resulting lifetimes of the 

fine structure states are compared with the theoretical lifetimess 
3/ Theoretical Experimental 

s 2.25 x 10~8 2.2U x 10"8 

p 1.50 x 10~9 2.0!* x 10~9 

D ix.37 x 10**9 ii.87 x 10‘9 

F 8.75 x 10"9 8.81 x 10~9 

There is very good agreement between the theoretical and ex- 

perimental lifetimes, except for the P state lifetime. The lifetimes 

incx’eased for a +90 and a -90 volt bias, except for the P state 



FIGURE XVII 

Example of a typical run with the fine 
structure state contributions. 
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TABLE II 

BIASED FOIL EXPERIMENT 

LIFETIMES 

Ang. Mora. State 0 V + 90 V - 90 V 

. S 2.2U x 1O'0 2.5l x 10"8 2.82 x 10-8 

P 2* Oli x 10" 9 1.92 x 10~9 
1.9U x 10‘9 

D ii.87 x 10-9 ii.97 x 10'9 5.32 x 10"9 

F 8.81 x 1CT9 9.18 x 10'9 
9.61I x 10‘9 

AMPLITUDES 

Ang. Mom. State 0 V + 90 V - 90 V 

S .lil .111 • .111 

P 

G
O

 • .60 .5ii 

D 1.JU6 1.U5 1.52 

F 

V
O

 
CVJ • .27 . .29 

Residual Gas .062 .065 

C
O

 

o
 • 

*73 



lifetime which slightly decreased with the voltage. 

Taking an average over the results for the different bias 

voltages, the lifetimes for each fine structure state were 

S 2.52 +11.92 

P 1.97+ 3.62 

D 5.05+ 5.32 

P 9.21 + 1*.72 

The percent error refers to the maximum difference between the 

average and the 0, +90, or -90 volt bias results. 

Since JBT was not able to determine values of the decay constants 

2* 

to better than 62 for four exponentials, these lifetimes (except for 

possibly the S lifetime) within this experimental error, do not change 

with the bias voltage. 

Taking an. average over the results for different bias voltages, 

the amplitudes for each fine structure state were 

S .111 + 02 

P .57+ 5.22 

D 1.1*8 + 2.72 

P .27 + 7.U2 

where the percent error refers to the maximum difference between the 

average and the 0, +90, or -90 volt bias results. 

The anplitudes of the fine structure states did not vary with the 

bias voltage. However, the residual gas correction varied from .062 



to .06$ to 0.78 for voltages of 0, +90, and -90 volts respectively 

on the foil—an average of .068 + lh»7%» This increase in the 

residual gas amplitude would account for part of the larger 

increase in the total intensity with a -90 volt bias. However, 

the increase was about $% of the total intensity, and the increase 

in the residual gas amplitude was only about 1% of the total 

intensity. 



Polarization Experiment 

Using the beam-foil method, eighteen runs were taken with 

a polarizer placed in fr9nt of the photomultiplier. 

o 
Fourteen runs were taken with a U686 A filter at 0, +300, 

and -300 volt bias on the foil. Four runs were taken with a 

o 
3203 A filter at -300 volts. At each run the axis of polarization 

was at 0° or 90° to the beam axis, and at least two runs were 

taken at each position of the polarizer. 

The exponential fit program of Jordan was used to fit the data 

of each run to a sura of exponentials. Since the data points used 

are downstream of the foil position, only the 1»S, bD, and i*F states 

were UBed in the fitting program. The theoretical lifetime of the 

1032. 
I4P fine structure state is 7.687 x 10 sec. and the amplitude would 

be negligible centimeters downstream of the foil. This result was 

experimentally verified by JET. In the program only the anplitudes 

were varied as the theoretical lifetimes for the fine, structure 

states were used. Partial derivatives of the best fit amplitudes 

and the theoretical lifetimes were taken to insure that the differences 

between the theoretical curves and the experimental data were at a 

minimum. 

The average of the fraction of intensity of each fine structure 

state was calculated at each polarizer position and at each bias voltage 

The fractions in each fine structure state for each bias voltage remain 
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very nearly equal at each polarizer position* The largest change 

in amplitude is 3$« 

The fractions in each fine structure state, however, vary with 

the bias voltage* For example, the ltD state amplitude is 3055 of 

the total intensity at OV, 37$ at +300 V, and h2.$% at -300 V. 
o 

For the four runs with a 3203 A filter at -300 volts bias on 
o 

the foil, the amplitudes at the 0 position of the polarizer differed 

by from 1 to 8/5 of the amplitudes at the 90° position. 

£ 90° 

s % k% 

p 7055 78$ 

D 21$ 16$ 

F 1|$ 2$ 

The amplitudes have at least the error of the decay constants of 

6$ plus the error in the position of the foil from run to run. Thus, 

the amplitudes seem to remain constant within, the experimental accuracy. 



CONCLUSIONS 

In the biased foil experiment where the data at 0, +90, and 

-90 volts was taken at each point in the ran, the amplitudes of 

the fine structure states remain constant to within 7.h%> In the 

polarization experiment there is a change in the amplitudes with 
o 

voltages of 0, +300, and -300 volts for the 1*686 A line. However, 

for the polarization experiment there is a large source of error 

due to the uncertainty in the position of the foil. The error in 

the amplitudes is at least 10$ since the position of the foil can 

be estimated only to within one-half the distance between data points 

or + .25 cm. Thus, only polarization or amplitude effects greater 

than 10$ can be distinguished. Y/ithin this experimental accuracy, 

there was no measurable polarization or change in amplitude for 

bias voltages of 0, +90, and -90 volts. The change in amplitudes 

for larger voltages of +300, and -300 volts indicates a possible 

variation in amplitude with voltage. 

Assuming that the bias voltage would produce an electric field 

of only a few volts/cra.^ a Stark effect would be induced on the He 

ions. However, the first order Stark effect is zero for states of 

definite parity: 

6 i ^ e £ $ 
A 

<A. s <£'£■ 

79 



~ <3 ef I 

has a definite parity. 

Also since the second order Stark effect is quadratic in the 

electric field,which would produce the same results for 

equal positive arid negative electric fields, the effect with a large 

bias voltage on the foil was thought not to be a Stark effect. The 

electric field was probably very inhomogeneous over the area of the 

foil. 

In the biased foil experiment, the observed difference in total 

intensity for the 0, +90, and ~90 volt biases on the foil were due 

in part to residual gas corrections. 

The beam foil technique can possibly be a powerful tool for use 

with electric field and polarization effects if experimental apparatus 

are designed for this purpose. 
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