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ABSTRACT

A new technique has been used to determine the mean 
lives and initial population ratios for the 3s, 3d, 4s, 4p, 
and 4d states in hydrogen. A beam of singly ionized hydrogen 
ions of mass three was accelerated to 157•3 keV and passed 
through a thin, self-supporting carbon foil. Downstream 
from the foil the beam contains hydrogen atoms in excited 
states. The light emitted when these excited states decay 
was viewed by filtered RCA 1P21 multiplier phototubes. The 
experimental measurements consisted of simply measuring the 
intensity of the light radiated from the beam at successively 
greater distances from the foil. These intensities were 
then normalized to equal numbers of emitting atoms and 
plotted as phototube counting rate vs. distance from the 
foil. The resulting curve was then decomposed by computer 
analysis into straight lines (on a semi-logarithmic plot), 
each of which represents the decay of a single state. The 
results obtained for the mean lives agree well with theory» 
The initial population ratios obtained indicate preferential 
excitation of states with low angular momentum.

vii



INTRODUCTION

A fundamental and easily calculated result of 
quantum theory Is Its prediction of the decay rates of the 
excited states of atomic systems. These atomic mean lives 
are of great Importance to the study of atoms because they 
provide a direct and sensitive measure of the correctness of 
atomic wave functions, and because they allow the computation, 
of physically important quantities such as oscillator 
strengths.

The attempts to measure atomic mean lives began with
]_il l-RWien in 1919- These early experiments, v however, left 

, a great deal to be desired in accuracy and interpretation. 
Slack, in 1926, designed an experiment which attempted to 
measure the mean life of the 2p state in hydrogen. While 
this technique seemed feasable, the results quoted differ by 
more than a factor of ten from the predictions of modem 
quantum theory (Of. Condon and Shortley, p. 136, Table 5^).
In 193^—35 Griffiths devised a method to measure atomic 
mean lives. This method was first applied to the excited 
states of neon^ for which it appears valid. Griffiths 
second paper,® however, attempts to apply the same technique 
to the excited states of hydrogen, for which it is not valid. 
The invalidity arises from the fact that this technique



assumes that the light observed varies with time as a single 
exponential function. As is shown below, the light observed 
varies with time as a sum of several exponentials.

The development of the thin-foil excitation technique 
suggested by Bashkin^ has made available an accurate and 
simple method of measuring atomic mean lives.

In the foil excitation technique, a beam of positive 
ions is passed through a thin foil. The emergent beam 
contains atoms which are in various excited states. This 
beam may be used as a source of spectral light; the rates 
of decay of the excited atoms are measured in terms of the 
variations of line intensity with distance from the exciter 
foil. ■ '

In the experiment described below the mean lives of 
some of the excited states of hydrogen were determined by 
passing a beam of singly ionized hydrogen ions of mass 3 
through a self-supporting carbon foil.

While the primary purpose of our work was an accurate 
determination of the mean lives of excited states in hydrogen, 
the techniques developed are applicable, with very little 
modification, to the study of more complex atomic systems.
In fact, experiments very similar to the one described 
herein have been performed to determine mean lives in 
nitrogen'*'® and lithium,and an abstract indicates that

■ ipHughes and co-workers have measured mean lives in hydrogen.



3
TOAlso, Ankudinov, et. al., J have measured the average mean

lives In hydrogen for states with n = 3, 4, and 5 (that is,
they have measured the sum: 7 = [ v £ (2£+l)A(nl-*n’11 .

n  ̂n'4'
It is also possible, as is described below, to determine the 
initial population ratios of the states examined. Information 
of this type should yield some insight into the excitation 
mechanism.



THEORY

If a one-electron atom is initially in an excited
state B with wave function the probability per unit
time that the atom will undergo a spontaneous, radiative
electric dipole transition into the lower state C with wave

14function is given by:

4<y®
I. A(n£j - n'4'j') = --- -- |< n ' j 1 |er |n/j>|s

She3

where: A(n lJ - n'4'j') is the Einstein coefficient for
spontaneous emission; the probability per unit time 
that an atom will decay spontaneously,
n and n* are principal quantum numbers.
£ and £1 are orbital angular momentum quantum numbers.
j and j' are total angular momentum quantum numbers.

B̂-+C is the angular frequency of the emitted photon. 
e is the electronic charge.
2nh is Planck1s constant, 
c is the speed of light.

If in a group of identical one-electron atoms there 
are Ng(o) atoms initially in the excited state B, and if the 
only process occurring is spontaneous emission, the number



of atoms in the state B varies with time according to:
5

II. Nb (t) - Nb (o ) e"t/TB .

The quantity is called the mean life of the state 
B and is defined by:

III. ^- = V A(n4j - n'-e*J')
B n'-t'J'

where the summation extends over all allowed final states.
We define the quantity:

IV. XB = ^  •

and call it the total transition probability per unit time 
of the state B. Therefore,

V. UB(t) = NB(o)e~XBt .

Since the electric dipole operator does not operate 
on the spin part of the one-electron atom wave function, we 
see that

Y A(n/j - n'4'j'), 
n'4'j*
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and therefore is independent of j and depends only on 
the quantum numbers n and I .

state B into all of the lower allowed states is given by:

Since each transition is accompanied by the emission of one 
photon, the total number of photons emitted per second from 
all of the atoms in state B is:

so close to one another that for our method of detection they 
may be considered degenerate. This degeneracy makes it 
convenient to discuss the number of photons per second from 
states characterized only by the principal quantum number, 
and we write:

The number of atoms per second which decay from the

VI.

VII.

The states within a given n-level in hydrogen lie

VIII. cn(t) = E Cg(t) - - E X^g(o)e"^Bt .
£ £

For example, for the n = 3 to n = 2 transition

cg(t) =■ *{x3SN 3S (°)e X3s + X31r)M 3p(0 )e + X3dN 3d^°^e ^



If we have a well defined beam of atoms moving with
the same velocity, v, and If they are Initially excited at
a well defined position, we may relate the time after 
excitation, t, to the distance from the point of excitation, 
x, by:

IX. t = 7

So that,

X. cn(x) = -T XBNB(o)e"XBx/v .

Therefore, measuring c^(x) for a particular spectral line at 
various distances from the point of Initial excitation 
permits one to determine XB from the shape of the curve 
cn(x) vs. x and N^(o) from the Intercept of the curve on 
the cn(x) axis. One actually measures a quantity D^(x) 
where D^(x) = k c^(x) and the constant k depends on the 
quantum efficiency of the system, the solid angle observed,
the optical losses In the system, etc. Since the solid
angle observed and the wavelengths observed (and therefore 
the quantum efficiency, optical losses, etc.) are constant 
during the experiment, and since the final data are of the 
form of the ratio of the counting rate of the moving photo
tube (Dn(x)) to the counting rate of the stationary photo
tube (D*?) we will have data of the form:
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Dn(x) klCn(x) en(x)
■A 1  • .S _3

l
kp , c (x)is constant during the experiment so using — —
1 On'n

simply introduces a current normalization factor which may 
be neglected.



EXPERIMENTAL EQUIPMENT

The experimental apparatus used is illustrated in 
Figure 1. The beam of Eg ions (K in Figure l) was accelerated 
to about 160 keV by the 2 meV Van de Graaff accelerator.
Upon emerging from the accelerator the beam was deflected 
17̂ ° by an analyzing magnet. The magnet was used as an 
energy selector, and was calibrated using the (p,y)C12 
resonance at 163 keV. For the magnet calibration the cup,
F in Figure 1, was replaced by a brass plate onto which a 
thin film of boron had been evaporated. The magnetic field 
was measured with a rotating coil gaussmeter. A beam of 
protons of about 150 keV were bent into the chamber and the 
magnetic field was recorded. The magnetic field was then 
raised in increments of 10 gauss and the beam was returned 
to the chamber by raising the accelerator voltage. After 
each increase in energy the number of y-rays emitted from 
the boron target were counted for one minute. Since the 
number of y-rays emitted per minute from the boron target 
reaches a sharp maximum at a proton energy of 163 keV we 
were able to determine that a magnetic field of 705 ± 3  
gauss bent 163 keV protons into the chamber. The experiment 
was run with the magnetic field set at 1200 gauss. From the 
relation:
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iiicite Lucite

Lucite

G

Figure 1. Experimental Arrangement. 
(Top View)
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XII, E = mkB2

where: E is the ion energy.
B is the magnetic field. 
m is the ion mass. •
k is a constant, 

we determine that a magnetic field of 1200 gauss represents
4.an Hg ion energy of 157.3 ± 2.2 keV. The beam then passed 

through the collimating slits (A in Figure 1) and into the 
evacuated target chamber (E in Figure 1). The chamber was. 
milled out. of a solid piece of 2" x 2" x 18" aluminum, was 
17n in length, and had a Incite window along one wall. The 
top and bottom walls were corrugated during the milling in 
order to minimize the amount of light scattered out of the 
chamber. The insides of the chamber, the cup, and the inlet 
pipe were all coated with "Aqua-dag", a colloid of graphite 
in water, in order to minimize reflection of light. On 
entering the chamber, the beam passed through a target foil 
(L in Figure l) and was excited by collisions with the foil 
constituents. The emergent beam contained hydrogen atoms in 
various excited states. The light emitted when these excited 
states decayed by radiative transitions was viewed by the 
RCA 1P21 multiplier phototubes, B and I in Figure 1. The 
beam was collected by the cup, F. This cup, electrically 
insulated from the rest of the chamber and from ground, was
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used to monitor the beam current and to minimize the amount 
of light scattered back into the chamber from the end.

Phototube B was stationary and was used to monitor 
..the light Intensity., B was mounted in the light-tight 
container, N in Figure 1, which was packed with dry ice.
The phototube looked at the beam through the optical inter
ference filter, C in Figure 1. Since fluctuations in beam 
current affect the number of photons per second emitted from 
the beam, and since the phototubes were used as photon 
counters, a stationary monitor on the light makes it possible- 
to normalize all readings to the same beam current.

The movable phototube (I in Figure 1) was mounted in 
the insulated, light-tight box, G. The phototube could be 
moved parallel to the beam direction along the entire length 
of the target chamber. ; The phototube was cooled by dry ice 
placed in the box at the outset of each experimental run.
We found that cooling the lP21’s to dry ice temperatures 
reduced the dark current by a factor of about fifty.

The movable phototube was mounted on a base which 
traveled along a precision screw (H in Figure 1) of twenty 
threads per inch. The handle on this screw protruded 
through the back of the box, so that the phototube's position 
could be adjusted without opening the box.

The slits (J in Figure 1) let the movable phototube 
See a beam length of about •£n. Since the exponentials in 
. which we are interested change relatively slowly with
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distance, they may be considered to vary linearly over £ls! 
this approximation Introduces a negligible error into the 
experimental results» Baird-Atomic interference filters (0 
and M in Figure l) were used to isolate particular Balmer 
lines for the phototubes to detect. These filters had a 
bandpass at half-maximum of approximately 100 A; this is 
sufficient to isolate Ha and Hp.

The outputs of the two phototubes were amplified by 
charge sensitive preamplifiers and amplifiers and counted on 
scalers. The electronic systems consisted of Ortec 101-201 
preamp.-amp, circuits, pulse inverters, and Baird-Atomic 
scalers, A block diagram of. the electronics appears in 
Figure 2. The scalers were started from the same clock.

The foils were self-supporting carbon foils produced 
by vacuum evaporation of spectroscopic carbon onto soap-coated 
microscope slides. The slides were first coated with soap 
and allowed to dry for about twenty minutes. When dry the 
slides were well polished with lens tissue until no soap 
could be seen on the slides. A thin layer of carbon was then 
deposited by vacuum evaporation from a carbon are. Thb carbon 
films were removed by floating them off of the slides in 
water. These films were then mounted on small brass frames. 
The foil thickness was determined to be 6 ± 3 pgm/cm2 by 
weighing them and by measuring the number of protons scattered 
by the foil into a known solid angle for a known number of



1P21 1P21

Pulse
Inverter
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Inverter
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Figure 2. Block diagram of the Experimental Electronics
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incident protons and using the Rutherford scattering 
formula for hydrogen:

where:
tp is target thickness in gm/ma
K is the kinetic energy of the incident particles
Z is the atomic number of the target nuclei
A is the atomic weight of the target nuclei
N0 is Avogadro1s number
e is the scattering angle in the lab system
r is the distance from the foil to the detector

Mi is the number of incident particles/sec
B is the area of the detector

Ns is the number of particles scattered/sec
e0 is the dielectric constant of a vacuum
e is the electronic charge

A beam of H3 ions was chosen because it gives lower 
ion velocities than H+ or Hg for the same accelerator 
voltage. Since the energy of the ion (H+ , Hg, or hJ) is the 
same for a given machine voltage, and since the particle 
velocity is proportional to \ J , we see that the 
velocity of H3 will be a factor of \/~3 lower than the velocity 
of H*** for a fixed energy. Because of the relation t = ~  a
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low particle velocity permitted us to look at a longer 
period of time after excitation in a given distance. Also, 
using a beam of ions increases the particle current for a 
given charge current by a factor of 3 over H+ ions, This 
increase gives more atoms in excited states and,, therefore, 
higher light intensities.



EXPERIMENTAL TECHNIQUE

Since the initial point of excitation of the atoms 
in the beam is well defined by the position of the target 
foil, the rate of decay of the atoms in the beam may be 
determined, as a function of distance from the foil, by 
measuring the number of photons/sec, cn(x), emitted by the 
beam at different points, x, from the foil. Any fluctuation 
in light intensity due to fluctuation in the beam current 
may be accounted for by monitoring the light intensity at a 
fixed point in the beam. Since the final data are in the 
form of the ratio of the counting rates of the moving photo
tube to the stationary phototube, the units in which these 
counting rates are measured is immaterial. It is also 
immaterial what point is taken to be the position of cn(0) 
since it is a property of an exponential that cn(l)/en(2) 
is constant as long as the distance between points xt and x2 
is constant. (See Figure 3•)

In the experiment to determine the mean lives of the 
3s, 3P and 3d states in hydrogen, Ha filters were used to 
mask both phototubes. Position zero was chosen such that 
the center of the slit (J in Figure 1) was -g" downstream 
from the target foil. The movable phototube was moved in ■£" 
increments for the first four Inches. Thereafter the

17
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1
-x

■ '  ̂■ ■ 1 ■  ̂ ■ ■ 1  ̂ ■

^  . e3̂ ~xi .

Therefore, ^  » II If (xa - xt ) = (x4 - Xg )J-a I4

Figure 3. General relationship between Ordinate Ratios for 
an Exponential curve.
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Increments were increased to , At each of the 34 positions 
the phototubes counted for one minute. At several positions 
the foil was removed from the beam and the background was 
counted for one minute. These background counts were 
averaged and the average was subtracted from the counts of 
the movable tube. After subtracting out the background» the 
counting rates of the movable phototube were normalized to 
equal beam currents by dividing them by the appropriate 
counting rates of the stationary phototube, cf.

The experiment to determine the mean lives of the 
4s, 4p and 4d states in hydrogen was carried out in a manner 
identical with the procedure used for the 3s, 3p and 3d 
states except that an Ha filter was used to mask the 
stationary phototube while an Hp filter masked the movable 
phototube. Since the intensities of both the Hc and Hp lines 
are proportional to beam current, a variation in intensity 
due to variation in beam current will be detected by the 
stationary tube whether it is masked by an Ha filter or an 
Hp filter. Also, the movable phototube was moved in incre
ments of for the first three inches and thereafter.

The data were analyzed by finding the best fit to 
the experimental points. The curve fitting was done by 
using a maximum-likelihood method which, since the parameters 
to be fitted have a Gaussian distribution, is, essentially 
identical to the least-squares method. This analysis was



done on the University of Arizonars I .B.M. 7072 computer 
using a version of the maxinmm-likelihood program "MALIK.
The experimental points were fitted to a sum of exponentials 
with the mean lives and initial counting rates used as the 
parameters to be fitted. A sample of the type of function 
used in "MALIK" (writted in FORTRAN) is shorn in Figure 4,
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F=F_(XORD(I)-(PAR(1)*EXPEF(-((0.127)*ABS (I))/((3.08E8)*(PAR(2))))
l+PAR(3)*EXPEF(-((0.127)*ABS(l))/((3.08E8)*(PAR(4)))))**2/(
2D0RD(I))**2

Where: XORD(l) are the experimental points.
PAR(l), PAR(2), PAR(3)» PAR(4) are the parameters to 

be fitted.
ABS(l) are the distances from point "O” in turns.
0.127 converts ABS(l) in turns into centimeters.
3.08E8 is the beam velocity.
DORD(l) are the errors on the experimental points.

Figure 4. A Sample of the Type of Function Used in "MALIK"; 
In this Case, the Sum of Two Exponentials.



RESULTS

Figure 5 is a transition diagram for hydrogenj it 
shows the allowed transitions for the n = 4 and n = 3 levels. 
The transitions n = 3 to n = 2 and n = 4 to n = 2 give rise 
to Ha and respectively. Since there is a transition 
from each of the states of n = 3 to some state of n = 2 we 
should be able to determine the mean lives of the s, p and d 
states in n = 3* For n = 4, however, the 4s, 4p and 4d 
states have transitions which will give rise to components 
of the Hp line but the 4f state does not. Hence we cannot 
find the 4f mean life from measurements of H^.

Figure 6 shows the results of Ha plotted as c3V(x)/cf 
vs. distance on a semi-logarithmic plot. Cg(x) is the count
ing rate of the movable tube after the background has been 
subtracted. Figure 6 shows the composite curve along with 
the mean lives extracted. Only the mean lives for the $3 and 
3d states are given. The 3p state is missing because, due 
to its low relative intensity and short mean life, the amount 
of light emitted from this state is too small to affect the , 
Ha results after our zero position. The experimental mean 
lives and the initial counting rates for Ha are shown in 
dolumns I and II of Table 1. The theoretical mean lives'^ 
are shown in column III of Table 1. The values of and 
c3j(tF') shown are those determined by the "MALIK" program

22
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f.0 V Is

Figure 5• Transition Diagram for Hydrogen. This diagram 
shows all the allowed transitions for the levels n = 3 and 
n = 4 to n = 1, n = 2 and n = 3•
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Figure 6. Results of Measurement of Ha Radiation. The 
solid points are the experimental data. Each straight line 
represents the decay of a single state.



TABLE 1. 
Results for Ha

Mean
(10"

Lives I 
8 See.)

Counting Rate 
(Arbitrary Units)

State
i

Experimental
II

Theoretical^
III

At -g" from the Foil^^ At the Foil

3s 13.5 ± l.^c^ 15-9 4.5 ± 0.3 4.6
3P I 0.54 — — - —

3d 1.61 ± 0.06 1 1°56 19.2 ± 0.4 23-8

â Ŝee reference 16.

b̂^Thls Is the closest position of the phototube to the foil. 

ĉ^These standard deviations are discussed In the section on errors.

raVi
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Qusing a beam velocity of 3.08 x 10 cm/sec and a function 

using two exponentials. These results agree well with 
theory. As can be seen from Table 1 the experimental value 
for t^s lies within two standard deviations of the theoretical 
value while the experimental value for lies within one 
standard deviation of the theoretical value. The "MALIK” 
program was also run using a function of three exponentials. 
The unreasonably high goodness-of-fit parameter, \ 2 (chi - 
square), obtained supports the hypothesis that the Ha data 
are best fit by a function of two exponentials.

The beam velocity was determined from:

where: Ep is proton energy - energy lost in the foil,
nip is proton mass.

The energy loss for protons with initial energy of
1750 keV through carbon is given as:

0.6 keV/pgm/cm3

This gives a loss of 3.6 ± 1.8 keV for protons passing 
through the 6 ± 3 pgm/cma foil.

The initial proton energy is 52.4 ± 0.7 keV. 
Therefore,
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Ep = 48.8 ± 1.9 keV

or:
pv = 3*08 ± 0.06 x 10 cm/aec

The counting rate at the foil Is related to the 
counting rate at our zero position downstream from the 
foil) by:

XIII. c3^(°) = c3;(i")eVT3< •

Using the experimental values of v, t_„ and ) we find
values for c^(0). These values arc shown In volumn IV of 
Table 1.

The Intensity of a line caused by a transition from
l8the state to the state n̂ î i Is given by:

XIV. I (t) = N ft) A(nf - 'fn^-n1 &1 ni n ^

The ratio of two Intensities Is, therefore:

Nni(t)A(n^«i»)hvni^nt/t 
n H ^ m ( t  JAfnT'̂ " - • n ) h v n i i £ nXV.

I (t) 
n^-n * & 1

n"i"-n'"
H

III
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However, since the wavelengths of two lines emanating from 
the same level (same principal quantum number) are close 
enough to be considered Identical so far as the photo
multipliers are concerned, we may change intensities to 
counting rates and write:

cn/(x) Nn<(x)A(nl-n'<1)
XVI' "077.T*7 = M,n,«(x)A(nI"-n'l'")

We may now calculate initial population ratios.
Using the values for A(34 -+ 24*) given in Condon and 
Short ley and the values of 0^(0) from Table 1 we find, for
Ha:

N3a(0) : N3d(0) = 2 : 1 .

This Is a factor of 10 greater than the statistical ratio of:

N$8(°) : N^d(0) = 0.2 : 1 .

That is, if we assume that the s-state is completely filled 
then the d-state is only 1/10 filled. This preferential 
excitation of the s-state indicates that our present 
excitation method is essentially s-wave excitation. These 
results are tabulated in Table 2.

Figure 7 shows the results for plotted as 
c^(x)/c^ vs. distance on a semi-logarithmic plot. Figure 7 
shows the composite curve and the mean lives extracted. The



TABLE 2.
Relative Initial Populations for Ha .

Relative Initial Populations 
(Arbitrary Units)

State Experimental Theoretical'a '

3s 2 0.2
3p —  —  — —  —  —

3d 1 1

zaxv 'Calculated assuming the states are
populated according to their statistical 
weights.
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Figure 7. Results of Measurements of Hp Radiation. The 
solid points are the experimental data. Each straight line 
represents the decay of a single state.
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experimental mean lives and Initial counting rates determined
by the "MALIK11 program are shown in columns I and II of

mm
8

1 £
Table 3• The theoretical mean lives are shown in column
III of Table 3• The beam velocity was taken to be 3.08 x 10' 
cm/sec and the .function used was a sum of three exponentials. 
These results also agree well with the theory. The experi
mental value of lies within two standard deviations of 
the theoretical value while and x ^  lie within one 
standard deviation of the theoretical value.

In the case of there was some doubt as to whether 
the composite curve shown in Figure 7 was best fitted by two 
or three exponentials. In order to determine which function 
best fitted the data, the "MALIK" program was run with 
functions of two, three and four exponentials. Since the 
value of the likelihood function which appears as part of 
the "MALIK" output is the negative of the chi-square, we 
were able to use the chi-square test as a test of which 
function represented the best fit. The relative chi-squares 
are shown in Figure 8 plotted against the number of 
exponentials used in the "MALIK" program. Clearly a function 
of three exponentials gives a better fit than a function of 
two exponentials. A function of four exponentials, however, 
gives very little improvement In the goodness-of-fit 
(compared to the difference of relative chi-square between 
two and three exponentials the relative chi-squares for 
three and four exponentials are very nearly the same).



TABLE 3- 
Results for

State

Mean
(io""

I
Experimental

Lives ,, I 
® Sec'.)

11.
Theoretical^9̂! ______. - - ::__ 1

Counting Rate 
(Arbitrary Units)

III 1 IV
At y from the Foil^^ At the Foil

4s 18,6 ± 2.7^ 23.^ 2.18 ± 0.34 2.22
4p 1.46 ± 0.25 1.24 3.19 ± 1.1 3.94
4d 3.77 ± 0.55 3.65 5.94 ± 1.0 6.45

â Ŝee reference 16.

^^This is the closest position of the phototube to the foil.

(c )«phese standard deviations are discussed in the section on errors.
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Figure 8. Relative chi-square vs. number of exponential 
functions used in "MALIK" for Hp.



From this comparison of chi-squares we may conclude, 
therefore, that the data for Hp are most satisfactorily 
fitted by a function containing three exponentials♦
Relative values for the chi-squares are used because the 
value of chi-square determined by the "MALIK" program is 
very sensitive to a change in the value of the experimental 
error (the errors on the experimental points must be 
included as part of the "MALIK" input) and these are only 
approximately known. However, since the same value for the 
experimental error was used when the program was run with 
functions of two, three and four exponentials, the relative 
chi-squares are unaffected by the value of the experimental 
error.

As in the case of Ha we may determine the initial 
counting rates at the foil for Hp (column IV of Table 3) and 
from these we determine the initial population ratios:

N43(0) : NUp(0) : N^(0) = 2.8 : 1.3 : 1 

as compared with the statistical value of:

N4s (0) ' N4p(°) : N^d(0) = 0.2 : 0.6 : 1

which indicates preferential s-wave excitation. These 
results are tabulated in Table 4.



TABLE 4e
Relative Initial Populations for

State

4s
4p
4d

Relative Initial Populations 
(Arbitrary Units)

(a)Experimental

2.8
1.3
1

Theoretical'

0.2
0.6
1

^Calculated assuming the states populate 
according to their statistical weights.



DISCUSSION OF ERROR

There are four main sources of error in this experi
ment. They are;

1) Statistical uncertainty in the counting rates 
of the movable phototube.

2) Statistical uncertainty in the counting rates 
of the stationary phototube.

3) Uncertainty in the measurement of the background, 
(caused by the fact that the background could 
not be continuously monitored).

4) Uncertainty in the velocity.
The standard deviations shown in Tables 1 and 2 are 

those computed by the "MALIK" program by inversion of the 
matrix of second derivatives (Variance-Covariance matrix in 
the "MALIK" output). Since this method of determining error 
depends only on how well the assumed function fits the data, 
it is not necessary to use the experimental errors directly 
in determining the errors on the variables and it is 
unnecessary, therefore, to know the experimental errors 
exactly. The "MALIK” program does, however, require that 
some reasonable values be assigned to the experimental 
errors since these are required as part of the program input.

The ordinate values for the experimental points are 
determined by subtracting the background counting rate from
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the counting rate of the movable phototube and dividing the 
result by the counting rate of the stationary phototube. 
.Since none of these quantities depend on the velocity we can, 
for the moment, ignore the uncertainty in the velocity. For 
each experimental point three pieces of information were 
recorded; the counting rate of the movable tube, the count
ing rate of the stationary tube, and the background. Errors 
were determined for each of these pieces of Information for 
each data point. The errors for each piece of information 
were then averaged over the experimental points, e.g. the 
errors on the counting rates of the movable phototube were 
averaged for all the experimental points. For Ha this 
yielded average errors of 0.85$, 0.3$ and 3♦2$,. respectively, 
for the three pieces of information recorded. For Hg the 
average errors were 0.22$, 0.72$, and 1.8$, respectively.

In order to determine the effect of the velocity 
error on the results, the "MALIK" program was run with the

O Qvelocity set at 3*02 x 10 em/sec instead of 3.08 x 10 
em/sec (this represents one limit in the range of velocity 
produced by the experimental uncertainty). Using input 
data identical with the data used to compute the values 
shown in Tables 1 and 2 but with the velocity set at

CD3.02 x 10 cm/sec, the results computed by the "MALIK"
.

program differ from the results in Tables 1 and 2 by less 
than 25$ of the errors shown in the Tables. This indicates



that the error in the velocity may be neglected in the total 
error to be used with the "MALIK" program. If the velocity 
error is ignored we get total experimental errors of 3 <>3$ 
for Ha and 2$ for

It is perhaps significant that the experimental 
values for the mean lives of the states with the longest 
mean lives (3s and 4s) lie furthest (in terms of standard 
deviations) from the theoretical values. This fact indicates . 
that these two mean lives may be underdetermined and that the 
beam should be viewed over a longer distance. An attempt to 
view the beam over a distance of roughly 120 cm has, in fact, 
been made« This attempt was unsuccessful, however, because 
the beam tends to diverge after passing through the foil and 
spreads beyond the walls of the chamber after about 60 cm.



CONCLUSIONS

The mean lives for the 3s, 3d, 4s, 4p and 4d states 
In hydrogen have been successfully measured and good agree
ment with theory obtained. This,good agreement with theory 
definitely establishes the practicality and usefulness of 
the method. The fact that the experiment was done using 
hydrogen introduces some difficulty in analysis which would 
not arise with most other gases. The difficulty arises from 
the fact that hydrogen is nearly degenerate in the quantum 
number &. This degeneracy causes the curve c^(x)/c® vs. 
distance to be composed of several exponential curves rather 
than a single exponential. Decomposition of such a composite 
curve requires the use of more sophisticated methods of 
analysis than would be necessary for non-degenerate atoms, 
such as Nel. Use of a degenerate atom does, however, have 
the advantage that the ratios of initial populations of the 
degenerate states may quite easily be determined. Such a 
ratio yields valuable insight into the process by which the 
atom being examined is excited.

In spite of the difficulties encountered by using 
hydrogen, this experiment has accomplished everything for 
which it was designed. Experimental mean lives for five out 
of the seven states in the n = 3 and n = 4 levels in hydrogen
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have been determined with good agreement with theory. 
Initial population ratios for these states have been deter 
mined and indicate preferential excitation of states with 
low angular momentum. Finally, the excellent results 
obtained prove the.feasibility of using this method with 
more complicated atomic systems.
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