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Abstract
We present an analysis of the spectra seen in a
foil-excited nitrogen beam accelerated by Van de Graaff
acceleratbrs. Atomic and molecular beams were accelerated
to energies of 0.25 to 2.0 MeV to observe spectra in the
wavelength region M504 - A26004. Atomic nitrogen was
accelerated at higher energies up to 5.5 MeV to study
the wa.veleﬁgth region A2000%& - A5000%, Decay times of

twenty-one of the stronger lines of ¥ II to ¥ V in both

these regions were measured.
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INTRODUCTION

The beam;foil method} of measuring atomic parameters through the
study of the light emitted from electronic excited states has been often
applied to :r:u'.‘f.,:fogen,1“9 A1l the above experiments deteeted radistion
at wavelengths between 220008 and M5000%. References 5, 6 and 9 used
photoelectric detection permitting accurate (% 5%) mean lives to be
determined for some excited lon states, whereas pholtographic detection
allowed only accurate wavelength studies for the remainder., Ionization
states of some unidentified nitrogen lines weré determined by Fink.*°

Ve fresent here a natural extension of thié work to the wavelength
.region below 20004 down to 1050§, using photoelectric detection and
beam energies of 0.25 - 2.0 M.  Also, with a 6 MV Van de Graaff, we
have made measurements in tﬁe region A2000 - EOGOﬁ‘at higher gnergies.
Mean life measurements have been made in both spectral regions; and
the meanilives of 21 multiplets are given. Prelimiﬁary results were

. 11,12
presented earlier. ’

EXPERTMENT

A beam of nitrogen accelerated by a horizontal 2 MV Van de Graaff
accelerator was magnelically selected to pass into a targelt chamber.
The pressure in all parts of the system was £ 5 x 10°° torr. The bean
was collimated by control slits approximatély 0.5 em apart and then
passed through an 0.6 cm diameter, self-supported 10 pg/cmz carbon foil.
Four such foils were mounted on 2 wheel which could be rotated sbout
an axis parallel to the beam. Thus a new foil could be rotated into -

the beam when one broke. The beam current of the order of 1 pA was



monitored with an unshielded Faraday cup connected to a current inte-_
grator, The cup and foil, at a fixed separation, could be moved by =a
screw along the beam. \

Spectra were observed with a 1 meter McPherson spectrometer (600 4/mm
grating blazed at 15003 in first order) which locked at 90° at a 0.5 cm
length of the beam. Wavelength scans were obtained with the appropriate
photomultiplier attached to the exit slit of the spectrometer, the D.C.
output being amplified and recorded on a strip-chart recorder. EMR
photomultipliers 542-G and 541-F were used for the wavelength regions
A1050 -_2000§ and A1500 - 30003 respectively. Decay time measurements
for a particular spectral line were made by counting photomultiplier
pulses for a fixed beam charge recorded by the currént infegrﬁtor as
the foil was moved in steps upstreanm from'the line of sight of the
spectrometer,

The experimental arrangements for the 6 MV Van de Graaff were some-
what different. The vertical beam from the accelerator was bent 90° into
a horizontal direction. The beam then passed between control slits and,
finally, into a chamber confaining the carbon foils. Light emitted at
approximately 90° to the beam was focused with a quartz lens onto the
entrance slit of a Perkin-Elmer l/3—meter grating 5péctrometer. Light
from the exit s1it was detected with a 541-F EMR or a cooled 1P28
photomultiplier. For decay time measurements, the foil remained fixed
while the spectrometer was moved stepwise downstream from the foil. |
Pulse counting was used as above,

At the higher energies of 3-5.0 MeV used on the 6 MV accelerator,
we noticed that carbon foi;s did not break very quickly. Thus a single

carbon foil in a 0.5 pamp beam of Nlh+ would last a few hours.



RESULTS

A typical spectrum below 2000h is shown in Fig. 1. Identifications of
spectra obtained below 2 MeV are.given in Table I, and spectra at 3-5 MeV
in Table II.

A list of unidentified lines is given in Table III. Only those
lines of intensity moré than 3 times the noise level have been listed.
Approximately 30 other very weakly excited lines were observed. The nine.
lines marked with an asterisk (%) were strongly ;xcited in the Né8+ beam
at energies of 0.5 and 1.5 MeV (i.e., at 0.25 and 0.75 MeV per N, *), but
were absent or weakly excited in the Nlh+ beam at 0.5 and 0.25 MeV. Three
of these coincide with the wavelengths of N I lines at K1153, 1229, and
1176k, However, A1229 and 11761 were also strongly excited in a 1.85 MeV
bean of‘Nlu+. A1208, 1392, 1503, and 1466X could be seen weakly excited
in the 0.25 MeV Nlh+ peam. Although not understanding what mééhanism
produces beffer excitation in the molecular beam, we suggest that these
lines belong to ¥ I. Possible identifications of the other unknown lines,
based on their energy dependence, are given in Tabl¢ III. The line at
M13354 coincides with a possible C IT line which has béen observed to be

very strongly excited in beam-foil carbon spectra, but few of the others

+

appear to be likely carbon lines. The beam~foil spectrum of 016+ and O32

in this region reveals only one Wavelength coincidence at kl372§ of an

0 V transition. Thus the origin of these lines is susPected to be nitrogen.
The scans on the higher energy accelerator were observed at a resolution

of 5 - 10k with a position accuracy of % 2i. Several scans at energies of

3.5 to 5 MeV were made from 2000—5OOO§1 One N II line was observed.



Seven ﬁ III lines were observed at the lowest energy, 3.5 MeV, while the
N IV lines and N V lines observed were strongest at the higher energies.
A1l these observed lines have been seen in previous beam-foil spectra.swlo
Below QSOOﬁ‘observations with the 2 MV accelerator~were made at resolutions
of 1 - 2k and line positions were known to * 1h. These observed spectra,

and the measured decay.times from both accelerators are discussed below.

Spectral line identifications were made from Hallin's measurements of

13,14 is

NIVand NV, and also from tables.

NI

Fourteen N I transitions were observed in the wavelength range
KlOSO—QOOOi from a 0.5 MeV N28+ beam. A1l but the strongest lines at
A113Li and A1200% had disappeased at beamAeﬁérgies of 0.75 MeV per Nlh+
jon. The strong N I line at hlghéﬁ can be resolved from the N‘V resonance
lines at Al1238, aﬁd A1254% by the energy dependence in this wavelength
region, At an intermediate energy the spectral intensity decreases while
at low energies (less than 0.5 MeV per Nlu+)'it is a strong singlet and
at high energies a doublet of L separation can be seen. Four measured

. - R 16
N I mean lives have been reported in ancther paper.

N II
Seventeen triplet and singlet transitions in N II were observed.
The maximum intensity of N II lines occgrred at about 0.75 MeV per N1h+'
The trensition at A1843 overleps with a possible N III transition aﬁd
that at K23l6i with possible N III and N‘IV transitions. The energy
dependence of the observed intensity suggests that all these traunsitions

were present,



- The decay time of a transition at thTGA was attributed to the

282:93 s

D - 2p3p %p transition of N II. At higher energies a N IV
transition at K1272§ partially obscured it. There is no apparent cas-
cading contribution to this double electron jump, which has.a mean life
measured as 6.7 = 0.2 nsec. The transition at 13&5@ is due partly to a
transition in N IIT and the 2s2p° °D° - 2p3p °D transition in W ITI.
Comparing the variations of intensity of this transition as a function
of beam.energyAand other known N IT and N III transitions, we can
estimate the confributions of each multiplet. At low energy the N IT
contribution is evidently much larger and we attribute the fast decay
to the mean life of the 2p3p °D multiplet of T TI.

VThe decay time of the N II resonance line at KlOBSﬂ has been
previously measured, once by Lawrence and Savage17 using = mlved electron
beam for excitatipn, and also by Heroux® using the bean-foil technique.
Qur result deduced from the straight line slope of the experimental curve
of 3.15 + 0.2 nsec was slightly higher but agreed within the estimated
error. We have carefully examined the data for possible influence of
cascades. The terms 3p ®p and 2p§ °D can populate the 2p3 °p° level
through the transitions at A1276 and 1345R whose lifetimes are réported-
above. Figure 2 shows the computed corrections due to these two cascades.
Just behind the foil the transitions at A1276 and 13&5@ are aﬁout 30 and
20 times weaker than tﬁat at }leBﬁ.’ The corrections are small (about 10%)
and not apparent on the experimental decay curve because the two casqading
mean lives are of the same order of magnitude as the principal decay.

The corrected mean life of the.ep3 °p° level is 2.8 % 0.2 nanosec,



N III

- Tﬁirty-eight transitions in ¥ III were observed., These are shown
in the Grotrian diagrams of Figs. 3a, b. Their optimum excitation was
at 1.0 - 2.0 MeV per Nlh+' All 2p3p and 2plp quartet levels were seen
produced. in the foil excitation (except 2p3s “p° which has no decay
transition in this wavelength region). Most doublet levels of similar
energy were also seen, bub with somewhat lower intensities.

Of the six N III measured decay times, only one at R266hi had been

previocusly reported;s There was good agreement. The resonance line at
M11841 agreed with theory™ to 20% bub the op° ®p° lifetime measured

at M7hol differs from theory by a factor of four.'®

No other theoretical
results have been reported for levels excited in this work. The &ecay
time measured at K1176§ was attributed to the 5s 3 level, However, the
intensity dependence on energy of this line was unusual as noted earlier
and therefore this labeligg cannot be certain. Heroux19 has observed a

C ITI transition at 1175.7h with the seme decay time, 0.80 * 0.0l nsec.

This was strongly excited in a carbon beam~foil experiment and is another

possible origin of this line.

N Iv

Seventeen N IV lines were observed at energies between 1.0 and 1.85
MeV. Two decays were measured at_ll3hﬁ. One, observed at a particle
energy of 0.25 MeV, was due to the strong N I line already mgntioned.
However, a line at this wavelength remained strong even at 1 MeV, by
which energy all the other N I lines had vanished. The decay curve
showed long and short components., The latter, measured to be 0.30 + 0.05
nsec, is attributed to an inner-shell electron transition in N IV:

2s83s °s - 2p3s ®p°. fThe slow decay 7.0 £ 1.0 nsec is the same as the



N I, but this is considered to be accidental, the correct source being
a level in N IV which cascades into the 2p3s °p° level, such as the
2p3p *p or °p levels.

The N IV line at A\2318A was measured in third order where it
coincides with a second order N IV line at A3480L. The latter has been
measured by Denis et a1.°® and Pinnington and ILin,® who obtained mean
lives 8.2 and 7.3 nsec, respectively. These are in disagreement with
our decay time of 1.30 * 0.1 nsec. However, the photomultiplier used in
our experiment waes an EMR 541-F, the response of which is very low above
3000§q Also the line appeared in second order at k2318§ with a similar
intensity.' Therefore we.attribute our decay to the,K2318§ line originating
&t the 2s5T 3Po N IV state, I Refs. 6 and 8 the beam was nobt mass
analyzed before entering the chamber which can produce some errors in
identifications,

A decey time of 1.22 * 0.1 nsec wes obtained for thé line at h26h7§,
in disagreement with the value of 2.3 nsec of Ref. 11. The line is strong
at energies Qf 1.5 - 5.0 MeV and is identified as due to the ¥ IV Lrf SFO -
5¢ °G transition. The transition observed at Mi610k is a superposition
of the N IV transition at AL6C6R, and the N V transition 3s °s - 3p °p°
at Mi60h, U620k, The long lifetime of the observed decay of 7.1 £ 1.0
nsec agrees with the N IV lifetime measured in Ref. 6; We thus presume
the fast decay of 0.51 + 0.05 nsec is the mean life of the NV 3p ?PO

multiplet and the longer decay is that of the N IV multiplet.



BY

Nine N V lines were seen below 20004 for particlé energies bétween
1.0 and 1.75 MeV, their intensities increasing with increasing beanm
energy. The lifetimes of the N V 2p 29%92 levels at A1238, 12L3R
have been previously measured both unresoivedzo and resolved.®* our
measurement i; in agreeﬁent with these two results. The N V 6fgh-7 dghi
transition atvhh95oﬁ was previously measured photographically by Fink
gﬁ'gl.v and agrees with our result of 1.6 * 0.1 nsec.

None of the other N V lifetimes had been previously measured. No
theoreticsl estimates for the transition probabilities are known to .
ascertain whether the long or short-lived component of some of these

decays is the lifetime of the upper state,

N VI

One N VI transition was observed at MBS, 1907k with a 1.55 MeV
Nlhf beam. It is the triplet resonance transition 1s2s °s - 1s2p Sp°
and has been observed in & theta-pinch plasma by Bockasten E§.§£.22
The two components were %esolved, but the component at l1907§ was blended
with a N IIT transition.

The decay time of a transition of unknown origin is also given.,
The line at K2359§ appeared sﬁrongly"excitéd in the higher energy range
3.5 to 5 MeV with energy behavior similar to thét of other N‘IV lines,

and hence is probably a N IV transition.
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CONCILUSION

It has been observed that the beam~foll excitation produces a
large nurber of nitrogen lines in the vacuum ultraviolet. More than
90% of the stronger lines have been identified., Neutral nitrogen and

ions up to N°" were excited at beam energies up to 5 MeV. The decay

times of 21 of the strongest of these transitions were measured.
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FIGURE CAPTIONS

Fig. 1. Beam-~foll spectra of nitrogen in the wavelength region

Fig. 2.

Fig. 3.

A1100 - 1350§, at low and high beam energies.

Decay curve for the N II’1085§ 2p2 °p - 2p3 °p° transition. .
The line through the dots ° is the fit to the original datag
that through the pluses + is the fit after correction for

the two cascades from the 3p 3P and 3p ) levels.

The energy levels of N III listed in Ref. 23. The doublet
and quartet wavelengths observed in the beam foil spectrum

are indicated in (a) and (b) respectively.



Table I. O‘r.Jserved transitions A1050 - 3000:3 a2t energies £ 2.0 MeV.

Wavelengih };a. Transition
NI 1068 2p° *p° - 54 °F
113h op® %s° - 2p* *p
1143 2p° %P° - 3s" %3
1152
1168 2p° ®p° - 3a °r
1200 op® *s° - 3s %p
1226 2p° “p° - ha °p
1229 Bl. 2p° °p° - d ®p
12L3 2p® ?p° - 3s* ®p
1311 2p® *7° - 33 °p
1320 op® *p° - 33 ®p
1330 op® 2F° - ks °p
1kio Bl. 2p° ®p° - 35t ®p
17kl | 2p® ?p° - 35 ®p
N 1T 1086 Bl. op° °p - 2p° °p°
1276 2P3 8.0 3p 35
131%5 2133 3.0 3p SD
1628 QPS 350 _ Ip 3p
1677 | EPS 30 _ 3p 3g
1762 2p3 aso - 35 aP
1844 Bi. 3s °p° - lp p

1850 Bl. 3s °p° - bp °p



Table I (continued)

15

Wavelength L%

" Transition

N IT

2078 2p® °g° - Up °p
(cont) L
2093 3p °d - 55 °p°
2317 Bl. 3p °p - ha %°
2383 3p °s - ha %°
oligp 3D - 5s'F°
26kl 3da °8° - 67 °p
2689 Bl. 3¢ *'F° - 6£'F
2823 2p3 i A hp ‘p
¥ III 1105 3s s . Lo 2p°
1116 2p° 2p° -3 %D
1121 3s *° - Lp *p
1176 3p 2.0 _ 55 25
1184 20 °p - 2p° P
1229 BL. I, IV 3p 2 - 3p s
1303 Bl. Lp 5 - ke 2D
131k 3s %5 . 3s%F°
. Bl. IV 3p*p - ka %’
s 11T 3¢ °p - 34 %F°
1347 3p *p - kg *F°
1360
1387 3p °F° - ha ®p
1hi2 Bl. I 2p° °p° - ks ®s



Table I (continued)

Wavelength ﬁa Transition
N III 1465 be ®r° .~ Lr ®p
cont.

1470 3p *p - ka *p°
1507 ? bp 2F° - kp °Dp
1560 ? 2p° *p° - 3a °p
1698 Bl. V 3p *p - bs *P°
1722 3¢ *° - ur%p
1729 3a *F° - b %
1750 2p° °p - 2p° *1°
180k 3p °F° - bs ®s
18L7 33 *p° - Lf *F
188L 328D .- br *F°
1908 ' Bl. VI 3a ®0° - L ®F
1920 3a *° - kr *p
1948 3p *p - s *F°
2060 3a °F° - Lr®p
2065 3 ®F° - br %g
2147 3d *p°,F° - Lp *p,D
2218 38D - bp ®F°
2273 3a *p° - bp *p
2317 Bl. IT, IV 3 “0° - bp *p
2369 3a *P° - lp %
oLz 3a *° - Lp*p
2689 Bl. II 43 ®p - 6£ %F°
2866. L 2§° 2

- 6g “G

16



Table I (continued)

17

Wavelength i2

Transition

N IV 1086 Bl. II 3p °P° - bs s
113k Bl. I 35 %5 - 3s °p°
1170 3a® - 3a°°
1229 Bl. I, III op° °p° - kg °p
1248 ? 3a °F° - 6g %G
1272 3p °F - 3p °P
1299  Bl. ITI 3a' -3a%°
132k Bl. III 3a°p - 3d°%°
1439 38’ -6g’c
14h6 3¢ ‘p - 3a?'n®
1687 ke °F° - 6g %G
1719 2p 'P° - 2_’92- p
2080 3a 'F° - 5¢ %
2317 Bl. II, III ka ®°p - 5r %°
2k30 bp °p° . 55 33
oly76 ha*p - 5¢ %F°
2646 ke °F° - 5¢ %G

NV 1238 :

— {es ®s, -2p°F |
1213 Bl. I : 23
1389 ks ®s - 5p 2p°
1498 5, - 8 fgh
1549 Lp *p° - 54 %D



Table I (continued)

Wavelengtin .&a Transition
NV 1617 La,f - 5dfg
cont. .
1698 Bl. III 5s,4p - Tp,5s
1860 Bl., II 5dfg ~ 7 fgh
N VI 1896 s T s
{ 2s °S - 2p ®p

1907 Bl. TII

a'Bl. = Blend. Roman numeral indicates other charge states involved in
blend. '



Table II. Observed transitiéns above A20004 at energies = 3.5 MeV,

Wavelength & Transition
N II 2131 3p *D - 52 1°
N III 2064 - 3a%p° -kt 2
2188 3a °p° - ur ®p
231522 3d *p° - bp *p
2370 3d *p° - bp *s
245168 3a *¥° - bp *p
2688 L3 ®°p - 6 %5°
42862 ‘ ur *5° - 6g G
N 2080 oz sl
2318 ha ®p - 5¢ %F°
2L31 bp ®p° - 55 %5 |
278 ka*p - 5¢*F°
2594 Bl. V 3p e - *F°
26k7 Lr °F° - 55 %G
2885 5¢ °¢ - 7n °H’
3078 - ke 5 - 55 %
3119
s107 } 3 °D - hf °F°
37kt 3s *P° - 3p*p
Los8 3p *° - 3a D

L&eos Bl. V 5£ %% . 6g 3¢



Table I1 (continued)

20

Wavelength i

Transition

N IV Y707 5¢ °F° - 6g °¢
cont.
5814 3 o
3p °p - 3a°FP
58LL 1
NV 2590 Bl. IV 55 °s - 6p %F°
2859 5p °F° - 64 °D
| 2975} {5;1213 - 6£ *F°
2981 5¢ °F° - 6g ¢
2998 6£,8,h - 8 g,i,h
3161 5p °P° - 65 %S
l#éOl.L 2 A 2.0
Bl. IV 3s ®°s - 3p %P
kgoo _ |
4933 6a%p - 7r 2F°
ko, 62,850 - T g,h,1

hgs1

|

{

6 *r° - 73 ®p




Teble III. Unidentified transitions.®

Wavelengtn Energy Possible
A : ~ MeV . Identification

1112 1.85 N IIT, IV
1126 1.85 NIV, V
1130 * 0.25
1176 * 0.25 NI
1195 1.85 NIV, V
1208 * 0.25 NI

© 1252 % 0.75
1269 * 0.75
1290 1.0
1334 * 0.25 c II
1372 1.5 ov
139h * 0.25
103 * 0.25
152k 0.5 NI, II
1535 0.5 N I, IT
1591 0.5 NI, II
165k 0.5
1659} d 0.5 NI, 1T
2293 3.5
2330 0.5 NI, I
2359 3.7 N I1I
2512 }

a 1.5

2517 ,

2585 1.5




Teble IIT. (continued) Footnote

Only those of medium to strong intensity are included. The energy is
that of maximim intensity. Those marked with an asterisk (¥) are

explained in the text.

22



Toble IV, Mean Lives,

States Lifetimes (nanosec) . L?L?ziii: 1‘23;%;1 Ob§2§3§§
Ton Lower Upper OQur Expt. Other Expts. Theory (nsec) A (MeV)

N II 2p® °p . 2s2p® °0° 2.8 £0,1 2,7 %0.3° 1.7° - 1085 1.0

2.8 +0,2¢ ‘

ps2p® ®p° . 25%2p3p °p 6.73 + 0.2 - - 1275 | 0.5

2p® ®p° - 2p3p *p 2,12 % 0.1 - 17,9 %5.0 1346 0.5

N III 2s2p° °P - 2p° °p° 0.45 £ 0,1 1,2 1,03 % 0,1 1184 1.0
3p *D - la *1° 1.56 % 0,1 - 8.93 2.0 1324 0.75

2p3d “F° - 2phf “c 0.86 = 0,1 - 6,96 = 1.0 1730 1.55

2p® ®p - 2p° *1° 0.97 £ 0.1 3.8% - 1749 1.5

3a ¥r - br % 2.6 0.2 2.b4%0,1° 0,882 - 206U 3.7

3p ?p° - 55 %8 0.83 * 0,05 - 6,79 % 1,0 1176 1,85

N IV 253s 23 - 2p3s °pF° 0.30 £ 0.05 - 7.0 £1,0 113h 1.0

oshd °p - 285¢f °F° 1.30 #0.1 7.3 £0,5°8 - 2318, 3480° 3.7

oslie °F° - 2s5g °c 102 £0,2 2,3° - - 2647 4.5

o,ho % 0,2 2359 3.7

€2



‘Toble IV (continued)

Wave-

States Lifetines (nanosec) - L§?§§§$§ length Ob?2§$§§
Ton Lower Upper Our Expt. Other BExpts, Theory (nsec) A (MeV)
NV 2s s - 2p *F° 3,30 % 0.2 3,30° 2,9 1238, 43 1.5
bp 2p° - 52 *p 0.95 * 0.1 - 4,31 % 1,0 1550 1.55
be ?5° < 54, g 0.76 % 0.1 - 5,34 % 1.0 1619 1.55
55 °S - 6p 30 0.51 % 0,05 - 2,86 = 1,0 2590 3.7
5d, £ - 6, & 0.61 * 0.1 . 1.26, 8.4 2975 3.7
6 fgh - 8 ghi 0,85 * 0,05 - 6,4 = 21.0 2998 3.7
35 % - 3p °p° 0,51 % 0,05 | - 7.1 %1,0 4610 TN
6 fgh = 7 dghi 1.67 % 0,1 1.28% 6.2% - Lo50 N

®mhe theoretical lifetimes given are the inverse of the calculated transition probability for the upper state,

bReference 17
“Reference 19
dReference 18
“Reference 8

fReference 7

- ha



Table IV (continued)

8peference 5 identifies a line at A\2316A as the 3p °D - 44 °F° transition in N II with a lifetime T = 0,7 % 0.05
nsec, They also observe a lifetime of 9.8 * 0,1 nsec for the line at h3h80&.

hReference 22

iReference 5

JReference 5 identifies a line at A2983% as the 3p °P ~ 3d °P° trensition in N III., Their lifetime of 1,24 %

0.1 nsec agrees with odr primary cascade lifetime,

G2
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