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 ABSTRACT

This theéis describes'anvattemgt to extend the beam;foil tech-

" nique into the near infrared (1 - 2u). Ionized beams‘of hydrogen, heii»
um, neon, and boron; with particle energies betveen 0,15 and 1 MeV Were 
produced by a Van de Graaff accelerator. The beam passéd.through a:thin
carbqn5foil which acfed-as an ekcitgror Subsequentrde~excitation of %the
atoms'provided'the radiation scurce for ﬁhis study. The bean radiaﬁion_
was analyzed with a grating sPeétrometer eqﬁipped with arvisible lighﬁa‘
blocking filter and a lead sulfide detector. A search was made fér the
strongest infrared linesvin‘neutral hydrogen, helium, and neon. Né
emission lines were seen at the m&ximum:senéitivity of the equipment
used. Infrared iadiation in the form of a continuum was observed from
the exciter foil. From these experiments and theoretical%calculaﬁions
an upper. limit to the power'detectableAfrom a-ﬁeamnfoil soufce in the
near»infrared has been set at 107*? waé%s; 'The,experimental'parameters
used in these'experiments.are provided as a guide for future studies in
rﬁhis area. AlsoAsuggestions'fqr imfrbvementé in the detection system

and experimental technique are includéd,,



. CHAPTER I
INTRODUCTION

Work in the infrared using the beam-foil method [Bashkin 1968]
as a source began in August, 1969, when Dr. Ba31l Curnutte, from Kansas
. State Un1vers1ty, visited the laboratory Together we-set up the first
experiment in an attempt to detect infrared radiation, Results of this
first search can be simply stated:» no enmission lines were seen from the.
'hydrogen or neon beams which were investigated. A conbtinuum in the in-
frared from the carbon exciter foil was observed, howéver, and 3 rough
“value: for a temperature obtained from Wién*s Law gives about 1200°K when
a l1-MeV, 5 pA, H3 beam goes tnrough the foil. Since the relative sen-
Slt1v1ty of the entlre detectlon system as a function of wavelength is
not Well known, the temperature given is almost meaningless. For foil
radiation measurements, the foilé were placed at yse to’the'beam, s0
that they could be viewed by a monochromator equipped with a lead sul-
fide (PbS) detector. The'Sensitivity of the deteotion systen was-usuai=
Iy not greater than 200 WV, which was the limit set by noise.

There are several reasons for extend«ng studles of beam-foil
‘spectra to the near infrared reg;on,> Probably the most 1mportant is to
extend’measurements of mean lives of excited states fof which the beam-
- foil method is well suited.. Infrared lifetime,meaooremonts_can'be-ﬁsed';f
to_cheCk measurements made in thé visible and ultré.violet° For okample,

the mean life of the 2 lrb level in He i‘can be measured both by

1



observing the 2 *P, = 1 *s, transition in the u.v. (584.33%) or the
2 le -2 lSo in the i.r. (20,581:&.)° Theré are many instances where
levels decay only with emission of photons in the i.r. The 2 SPZ'level
in He T is an example where the only allowed transitioﬁ is 2 Sfi -2 983;
corresponding-to 10,830k, |

In addition to theoretical interest in studies of this region,
there is also a practical application in astrophysics. Presently there
is a search for M6,240.328 of Boron I in the sun. Although the mean
‘life of the upper level has been measured from a transition in the u.v.
[Martinson and Bickel 1970a], and theoretical calculations have beeﬁ
made for the oscillator strengbh of the infrared line [Weiss 1970], an -
experimental determination would prove valuable in determining thg abun;'
dance of boron in the sun. _Anothér reason fof pursuing infrared beam~
foil studies is to search for forbidden lines and other lines not seen
in conventional light‘sources as has been done fof the visiblé aﬁd ul=
traviolet [Berry et al. 1970]. TFor the above reéSOns, the work begun by
Dr, Curnutte and myself was continued. The original goal of this study
was to obtain and identify-l = 24 infrared spectra from a beam=-foil
source, using standard infrared equipment and techniques. It was ex-
pected that mean-1ife measurementé by other investigéﬁors would follcwf
Since no infrared eﬁission lines were obsefved, however, this papei will
report the naturé‘of the attempt, and relevant data about thé‘expéfimen«
tal éonditibns and equipment that wa.s.usgd° Suggestioné are also'listed

which may be helpful in any extension of the experimeﬁ‘ts°



CHAPIER II
INSTRUMENTATION

The radiation source (beam, discharge tube, pyrometér, efc,),wasr
modulsted by a mechanical7chopper. From three cﬁopping rates avéilable
(13, 50, and 75 Hz), 75 Hz was selected and checked by a wave anaiyzer
at the new University of Arizona Optical Sciences-Iﬁfrared,standards
Laborator&, The chopper also provided a reference signal to a iockuin
'amplifier which synchronously demodulated the detector outﬁut;,

The position of the cﬁoPper with respect to the source and spec=
trometer was found to be critical. The best position was asrclose to
the source and far from the entrance slit as possible, so that the chop; ‘
per®s aperture did not reduce the solid angle seen by the collector lens
or cause excessive 60 Hz noise in the detéction system. If the chopper
was operated cloée to the spectrometer;entrance'slit; a grounded shield
placed over the power cérd reduced, but did not eliminate, the indgced
noise. A similar difficulty was encountered when alternating current
‘operated a Geissler tube source. When the chopper was placed close %o
this source, the reference voltage and'fréquency became erratic. Suit-
able placement of the chdpper eliminated these problems as did opération ,
of the Geissler tubes on direct current. |

w'After passing through the chopper,‘the4rédiation was.éolleéted‘
by'a 14 em focal-length glass lens operated at f/3oh and'magnifiéatioﬁ

one. The purpose of the lens was to coliect a larger-solid_angle of the
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s¢u?ée-in orderAtQVfill the optics of the spectromefero Since thé spgc;
trometer's effective f-numbers range from £/4.3 tpff/Soé, the system was
cverfilled,'_The glass,did not redﬁce the useful range of the spectromef»’
ter but did act as a long,wavelengthrcutuoff filter, since radiation B :
above,EnT g was not tranSmitfedel The lens was mounted in a cardboard
tube which was bolted to the spsctrométer housing. Therefore the lens y
and spectrometer'coﬁld be treated as & unit; |

- A‘éimple lens, such as ‘the one used does not focué all wavéu
‘_lengths at the same point, but focuses the 1dngéi waveléngths farther.-
ﬁhan the shorter wavelengths. Since the optical sysﬁem was most eaSily oo
focused using &isible iight, and. since perfect.(aberrationmfree) imaging
was not essentigi to the operation of the detector,_if the iﬁffared
focal point was within the dépth of field of the visible light focal
.point, then an exténded source also had an acceptable focus in the in-
frared; The observed depth of field for the lens was 5_mmo To calcu-
late the change.in focal point froﬁ,£he visible.to the infrared, the
N thin iens formula was used. Differentiating this formulartLonghurst‘

1968; Do 527 givess

M= %y a1
where
Af = change in focal point .
£, =;‘foc§}-length_at }b ;
bn = n_ -n
ng = refractive index at ho

refractive index at A
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Using zinc crown for the glass composition, KO = 0.5889 u, A = 2_u,-no =2
1.517, n = 1,497 [Weast 1964, p. 105], and £ = 140 mm, we find Af =
5.41 mm increase in focal length. ;Therefore; it was sufficient to use
"K5h6l§ from mercury to focus the slit at the front of a 5 mm extended
- object (such as the beam) énd mbke no further adjustments for dbserva;
tions in the infrared;. | |

In order to separate second and higheréérder visible radiétion :
from the infrared, a No. 87 Kodak Wratten filter was used as an order
sorter, .The filter, mounted on a filter wheel supplied with the épec~
trometer, could be rotated ou? of the light path for observations in'the 
visible. The transmission properties of the gelatin filter are given in
Fig. 1, The éxperimental points correspond to the transmission of the |
prominent linesvin mercury. The useful range of fhe spéétrométer was
0,8 = 2.5 1 when the filter was ﬁsedo | |
The spectrometer was a single pass Littrow mount Perkin-Elmer

Model 210B equipped with 1440 £/mm and 600 4/mm gratings mounted back-
to-back on a kinematic mount (see Fig; 2). Interchange between the two
was made by a simple rotation of the grating mount. Né effect of re-
peated interchange on the wavélength dial calibration was noticed; The
600 £/mm grating, biaged at 1.6 p with a rénge of 0.76 - 2.6 y, was used
forrall visible and infrered observation., The 1440 4/mm grating, blazed
- for the visible, was used for alignment, taking advantage of first;order
radiéfion; .A 50 miiroi at theiexit‘slit allowed two détecﬁprs to be
'placéd_on the spectrometer at one time. By manipulatihg the mirror from

outside the spectrometer, one could switch from an externally mounted
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photomultiplier to an internally mounted'leéd sulfide detector. Wave-
lengfh Scans were made witﬁ a geared drive, linear in wavé number, whiéh
was SyncﬁroniZed with a strip'éhart° Fiducial marks were piaced on the.
.Striﬁ chart-every 40 em™t to help identify the spectra. The wavelength |
‘dial and reference marks were calibrated from the infrared spectrum of -
an irbn;afgon lamp to'geé_a dial number #ersuS'wavelength graph. For .
.thisfcalibr&tion, line identifications were madé by cémparing the  ob- -
éerved'lines wigh thdse'in the literature [Rao, Huﬁphreys, and»Rank
1966). It was immediately apparent that the excitation procéss is an
_important parameter in the productlon of spectral llnes, l.e.5 the rela-
tlve 1nteﬁslt1es of certaln obscrved.llnes wére quite dlfferent from
th;se'reported in the reference lltera’cure°
- The accuracy of . 11n° identlflcatlon for various slit W1dths was

) determlned by using the lead sulflde detector and observing KBholA of .
mercury in - second ordera The results are~shown in Table I. |

| The theoretlcal flrst order resolv1ng of the 600 £/ﬁm gratlnv.ls
‘ hlgﬂ60° At 1. 7 w, 0.hA could theoretlcally be resolved. ,Slnce resolu-
tion is also & function of 81it width, an 1ndlcatlon of the resolution

at various slit widths was made u31na six mercury lines at- 1.7 p as -

* showm in Fig. 3. ~Table II 1lists resolutions estimated from Fig. 3. For - -

& given. slit width, the resolution listed also depended,on_individﬁalvv
line intensities and time constants of the detector and'recérdingiequipé
" ment. The bést resolution occurévfor ﬁhe-slowest wévelength spéea,'aﬁdi
f:a chart SPeed which produces symmetrlc trlangular lmeo° | v
The entire optlcal system consisted of a quartz window oﬁ the

.be@m~foll,chamber, a glass-collector lens, an ordernsortlng'leter, and



~ Table I Accuracy in wavelength determination as a function of slit
width. L ] '

. Slit width Dial Deviation Wevelength error.

() . 1 @

0.20 o .+ 0,005 L +2
0.50 o £0.03 ah
1.00 - +0.030 47
1.50 : + 0.025 | +6

2.00 B 4 0,060 Co+ 1k

. Table II. Resolution at 1.7 u as a function of slit width.

. Slit widbh R |  Resolution

Gm) - )

0.200 S > 2
0.166 f - N <
1.000 T o > 38
.A1,5oo;' o - _ 100 a

2.000 R : S > 100,
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the'spectroméfer grating and mirréré. 'An estinate of the'tr&nsmigéion' -
of the entiré system to each detector can be made from the values given
in Table III. The experimentally-determined infrared trensmissions were
found by placing the element in question in the beam path of thgrséec; B
. trometer using the promigentvmercury 1inés as sources, and measuring the
decrease in signal. An average transmission for the 1 ; 2w region is
quoted. In the case of the glass lens, a quarter«inch plafe was used
for the test. The collector lens an& spectrometer were constants for
the.measuremenﬁs which were made in air. Because there are six reflec-
tions in the spectrometer when the lead sulfide detector is~uséd,—th§
total transmittance is 27 % 10%. For the photomultiplier there are two
fewer reflections, no filter is used, the grating is used in secqnd oY=
der, and there is a quartz lens in the defector moﬁnt to image the'slit
onto the photocathode. Taking these changes into account, the transmiﬁ;
tance to the photomultiplier is 30 = 10%. The error has to belestimated
to take into account differences in the optical éurfaces acﬁually;nsedr
and the values quoted in the litersture. In addition to the absorption
by the optical elements, atmospheric absorption at 1.4y was observed.

To decrease atmospheric absorption, the light path was frequently purged:
with nitrogen. - ‘ |

‘Two types of detectors were used with the spectrémeter; ?hoté;'
multipliers were mounted outside the spectrometer housing. The pﬁoto;
multipliers were uéed to check the optical alignment, detect’aﬁd identi~ ”
fy Well—knoﬁn beam-foil lineé, and allow a comparison of-theJie&d' |
.sulfidé and photomultipliers to be made. An EMi De2ka with'a sPeétrél -

‘response of 3700 - 8000&, and an EMI 95028 with a spectral response¢af“_'



. Table III. Transmissions of the optical components.

Transmission
. or Reflection :
Element - (%) Remarks
quartz window ‘ 88 1l - 2 y experiment
95 5000A%
~ collector lens , ) 70 ‘ 1 - 2 p experiment
| 90 50002
_ fiiteir _ 85 ' 1 -2 p (see Fig. 1)
used'for i.v. only |
grating 0 | rirst order
| 56 second order .
(measured with respect
to a mirror)b
. - : c
 mirrors -9 L-2p
90 5000A%

®Hudson 1969, p. 221.
”bSpex Speaker 1965, p. 3.

‘CHudsan-l9595 P 354,
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of 3000 = 6000k were operabed at -1500 volts d.c. The output of the EMI

Pe2hA went to a lock-in emplifier and was displayed on a strip chaft,
The output of the EMI 95028 went to sn Ortec Low Noise Preamp (Model -
- 101) and an Ortec Low Noise Amplifier (Model 201). The,gmplifierioutput.
went to an Intertechnique Didac 4000 multiscaler. |

The infrared seﬁsitive lead sulfide detector was mounted inside-
the spectrometer housing. Originally, the output of the detector went
to & copy of a Perkin-Elmer preamp (part no. 112-0028) mounted inside
the.SPectrometer base with the power provided by a Perkin-Elmer Amplifi-
er (Model l07)° -The preamp output went to a Princeton AppliedvResegrch
lock=in-amp;ifier (Modél HR-8) andiwas recorded on a strip chart. The
'}SenSiﬁivity, hoﬁéver,'was limited by excessive noise which was shown by
an éééiiiéécop; to be 60 Hz signals in the preamﬁ, The preamp was
thé?éfére>abandoned,inrfavor-of & more basic bridgé technique for-detecﬁn_
_ing changes in the resistance of the PbS cell dpe to incident radiation. .
A Leédé and Northrop Wheststone Bridge was used with the detector occu-
pying the position of the uﬁknown resistance. An 8.4t volt battery pro-
‘-videq the bridge%opera%ing voltage., The.commercial bridge permitted the
ciréuitrto be nulled before each use to three significant figures with a
galvanometero -Slight drifts in the nuli were noﬁed over long periods of
time (hours) but these drifts did not interfere with the opefation of
theAdetector even though the nﬁll conditiqn is very sensitive tb resisge-
tancé change.

The detector resistance depended on bias polarity. For example,'

the zero bias resistance of 5 x 10° ohms was preserved for one polarity,



| R
but increased to 8 xvloé_ohms for the oppoéite. Although the sensitivin1:
ty of the detector increased with the increasing resistance, fhe noise
oubput simiiarly increased. The lower resistance polarity was theréforerr
used for all measurements. The bridge output was connected directxy\to .
the lockein amplifier operatedvin the differential mode. Differences in’
the two sides of the bridge were thereby amplified in phase with fhe
modulated rédiation, The twin shielded cable Whiéh carried the detectof
output was.grounded only at the bridge to discourage ground loop curwr
rents., The system picked up very little noise as long as power cables
were kept away from the bridge battery. Although the spectrometer's
motorized wavelengbh dri%e added noise to the system, it did so at &
tolerablevlevel, |

| The noise oqt?ut from the amplifier could be reduced by adjusfm
ing the preamp AC baiancé and»increasing the @ value, An oscilloscope |
is a valuable'aid for e#&lua&ing'and reducing noise. On a strip chart,
noise appeared as randon flnctuations dependent 6n‘the time constant
and roll-off rate (emount of signal filtering) in addition to those
p@rameters previously discussed. A 12 db/octave roll-off rate and
300 msec ~ one sec time constanﬁs kept noise excursions to a minimum
without significaﬁtly’sﬁppfessing thé signal., With the above-mentioned
improvements in ciréuitry, the senéitivity improved by a factor of.hoo,‘
The sPecificgtions and'qperating_parameters for the PbSldetection system
are listed in Appendix Ao;

From the Specification Clerification for the PAR lockwin ampli-

fier, a calculation of the minimum detectable signal of 32.6 nV was made, -



L “‘llmlted minimum detectable power is 3. 26 x 10

15
This calculation appears in Appendix B. In practice, the minimum detec-
' ’table signal was found to bé‘lOO nV‘and was noise limited. If a room
~‘temperature spectral ré3ponse'(Rx, volts/watt) of 10* volts/wat£ is
assumed for the PbS cell (there is disagreement in the litefature about
this figure; values are Quoted from b x ioa to 105), thenrthe amplifier

*2 gatts, or about 2 x 107

” -photons/sec at A 1.5 p 1nc1dent on “the detector° Using 30% for the

‘transmittance of the optics and 0.068 sr for the lens solid accept&nce
 .angle (Appendix A), one finds approximately 10*° photons/sec radiated in
, aii directioné are required to producé this minimum signal.,

A déﬁeqtor'limited mininum détectable power or noise equivslent
power (NEP) can be calculated from the spectral sensi%ivity (D*,
cmiJﬁE]watt) if it is known for a particular detector, At 75 Hz, & typ;
deal. D is 8 x l o*° cm /Hz/watt [Hudson 1969, p. 365). The calculation
in Appendix C shows that the NEP is 5.1 x 107*° watts or sbout b x 10°
:ﬁﬁétOQSZéec at A 1.54 incidént on the deteétor, Assuming.the'same spec=
tral responsivity as used above, 5;1 x 107° volts is the detector lim-
ited signal., Therefore the detection system was theoreﬁicaily amplifier
limited o about 3 x 10712 watts at the detector of 10*° photons/sec
(1.51) radiated by thé beam. In practice one must béar in mind the
noise voltage of the PbS detector itself was .of the order of 10~ voltso‘
R Therefore the ability of the ampllfler to extract a signal burled in the
 detector noise sets a practlcal limit to the minimum detectable power
somewhsat above the caléulated values.

Detector characteristics such as D*, Ry, the time constant, the

- opbimum modulation frequency, and the optimum bias cen be experimentally
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' détermined with a 500°X blackbody and a variable:speéd chopper used in
conjunction with standard test equipmeﬁt [Hﬁdson 1969, Chapt. 9].- Since
the blackbody and chop@er were'not'available in the 1aboratory,'twg '
tests iédicative of the entire detection system’s sensitivity were made.
' (The University of Arizone Optical Sciences Infrared Standards Labora-
tory has offered to calibrate dur PbS detector when they becgﬁe operaé
tionai)° . | ‘ | 1V

A GE30AT2Y Ribbon Filament Pyrometer (#431.-P-576, traceable to
 the National Buresu of Standards) operated at 1850°K (22,7 amps d.c.)
provided the sPéctral sensitivity.curve;for the en’r,ifeidetection‘system°
This curve is éhown in Fig. b, along with the curvé for~$n 1850°K black- -
body . Hé attempt has been nade to'correct_the'biackbbdy curve for the
emissi&iﬁy of the'tungsten filame_n“t° The di? in the experiménﬁal curve
ot 1.17w is believeé to be a property of the grating. A similar dip has
been noted for a 600 4/mm 1.6p blazed grating at The University of Ari-
zona, Lunai and Planetary Leboratory [Fink 1970]. |

A 60mpari$6n of PbS and;pﬁotémultiplier sensitivities_is shown

<ip Fig; 5, In each casé 2 mm glits were used. A sensitivity'of 10 my

. was required for the photomultiplier‘while 10 V. sensitiviby was usged
for the PbS detector. Theloutpﬁt signgls_from_ﬁo%h ééteéﬁors wereréfOQ'
cesgsed by the sat;merelectronics° The'épparenﬁ facfer of iCQOvdifference
in sensitivity must take into account the decreage of PbS sensiti#iﬁyuin :
the visibie:region of’thensbectrum, | | |

A standard tegt for the-&lignment and sensitivity of tﬁé fbs den':;

tection was devised in conjuhction with the alignment of the ellipsoidal
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mirror in front of the detector. The relevant parameters for this test

appear in Appendix D,



CHAPTER IIIX
EXPERIMENTS

Three experiments ére described in this section. Two'invdive
carbon foll rediation which was observed in the early work, The third
describes obgervation of beam~-folil radiation.

‘The first carbon foil rédiatioﬁ qbservations were made with.apw
‘paratus similar to thab shown in Fig. 2 with the exception that filters
- and phqtomultipliers were not used. Signal processing was done as de= ‘

scribeé.in the Instrumentation chapter befére the-preamp was repiaced.

The cérbon foils were excited by hydrogen and n=on beams with energies

between 0,150 énd 1 MeV, produced by a Ven de Graaff accelerator. ‘ThéA
.target'chambef was evacuated to 10™° torr. . Carbon foils at 45° to the

_beam were viewed directly with s1it widths ranging from 2 mm to 005 m,
ACurrénts varied from less than 1 pemp o 18 uampé.

A portion of the radiatioﬁ continuum observed ﬁith 0.5 mm slits
from & carbon f&il interacting with 150 keV H3+ particles is shown:iﬁ
Fig. 6. A dependence of intensity on‘beam current is immediately appara

b‘ént’frOm the two cﬁrveé, Thé total extent of the radiation is not known
‘since the spectrometer could not scan above 2.6, however, the shb?t
ﬁavelength»gnd was observed to be 1.6p. The detail.in the two curves

. beyond 2,55u,was sﬁown by subsequent observations to.be a coincidence,
The reason for the dip at 2.2y is not known. The deteétion-system doés_

not exhibit this dip in the optical pyrometer (standard lemp) spectrum.
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Figure I shows this spectrum out to 2y, however, the experimental cur"ve‘
continued to 261.L without the appearance of the dip. |

No emission lines were detected from either element used. The
foii ra,diation was not of major concern so that further studies of it
were not made.

To avoid foil radiation and increase the amount of radiation
reaching the detector, the spectrometer was removed from The optical '
sysbem. Arred glass Tilter to cut off radiation below 60004 was the
only: optical element other than the collecbtbing lens. Wi‘th éxperimental
conditions as before, hydrogen, boron, and neon beams were ;pa,ssed
through cerbon foils (in the normal position). By moving the foil hold-
er, ‘the beam could be viewed from 6 cm downstream from the foil to 1 cm
upstx‘ea:i from ‘thé foil. The b‘eam could be quicki:} reﬁoved from ‘E;Ahe' .
chamﬁef by closing ther cha:ﬁber\‘-beam pipe va,lx‘re,, A dependence of 'ﬁhe
radiation cbserved on beam current snd foil distance was esta,blishedo
Although diffe:ée_nt energies were used and no enefgy dependence was noted,
the pqssibility of an energy dependence is not»rulegi out. The variation
of intensity with dirstance from the foil‘ é,ppeared to follow an inverse
sguare Mla,w rather then the exponential decaj expected of moving radia-
tors., - However, such an exponential decay could not reas&nabiy be ex-
pected to predozﬁinate when all wavelengths are observed a,ﬁ once., The
currefit' appeared to be the mosf important parameter for the radia‘,bicn»
cbserved., For currents less than a microamp , radiation was usually not .
observed, The decay time (peak-to-zero intensity) of the radiation when

" the beam was removed from the chamber was the most importent indication



of the nature of the radiation. va the radistion entering the spectro-
meter %as stopped by means 6f a shutﬁer in the light pafh; a decay time
of six seconds was measured. It should be noted that the rise time is

. half this valﬁe, Presumably the decay time is larger because of signal-
generated noise_in the detectgr; However, removing the beam from the
chamber increaéed the decay time by a factor of ten as shown in Figa 7.
This significantly-lénger decay time showed. folil r&diation to dominaté
even at 6 cm from the foil as in the case of Fig. 7. In most cases, no
visible glowing of the foil was seen with the unaided eye. The larger
fluctuations observed When”the beam is present are due to beam fluctua-
ﬁions, Six per cent beam current fluctuations were common. Caré-was
takén.to shield the foil from view in subsequent experiments?

The}ih&bility to 6bserve béam oriented radiatioﬁ was not consid-
ered prbof that none was observeble since'improvéments in the electron-
‘ics hed not yet been made.

The experimental érrangement for the beam-foil studies is shown
in Fig. 2.1 The beam-foil chamber was evaéuated to 2 x 10°° torr. A an
tating foil whee; allowed'changing the 10 - 100 p gm/cma carbon exgiter
foil$ as they broke. A Faraday cup monitored thé beam current. The
viewing windo& wasbqnaitz ahdrthe opposite window was plexiglas. ihe
latter window alloﬁed the introduction of é test spectrum into the spec-
trometer while‘the'chamber was in use. ‘Beams used were produced by a
Van de Graaff accelerator and mass .analyzed by a magnet before éntering
the cheamber. Further idéntificgtion of the beam wes made from the visi-

ble spectrum of the radiation beyond the foil.
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The alignment procedure for the spectrometér with respect ‘to the
beam and target chamber will be described here. Before evacuation of
the target chémber,'thé quartz window was removed to permit access to
the Toil wheel. . The'ﬁhotomultiplier.éssembly was removed and a mercury
lamp put in its place. A ronchi ruling was placed at the exit slit so
that the image of the entrance slit coqld easily be focused in the tar-
get chambér onto & ﬁube of thte paper ﬁhe size and shape of the beam,
which was placed in the foil holder. The slit image was focused on the
leading edge of the tube to insure the proper focus of tﬁe infrared
radiation as explained in the Instrumentation sec£ioﬁ, To insure propei
operation of the deﬁector at this point, a mercury lamp replaced the |
paper target aﬁd the déteétor was-tested according to the procedure in
Appendix D;‘ The lamp was then placed behind ﬁhe.plexiglas windéw ana
the new‘peak signal was used to check the alignment and operation of" the
entire system du:ing bean-foil observations.
‘The intensity of the beam-foil source at a distance x downstream
- from thé'éxciter foil is proportional to exp (-x/7v) [Bickel.l967]3 |
where T is the mean_life in seconds of the excited level of ihe atoﬁ :
under sﬁudy, and v is thevvelocity in cm/sec of the emitting atom. Fox
mean‘lives of the order of 107 ° sec end velociﬁies of the order of 10%
cm/sec, the intensity is proportional to exp (=x). The distance x = 0.5
.cm was chosen as the position far enough from the beam to avoid foil |
radiation, yet close enough to.obtain a large amount of beam radiation.
Since‘the nagnification of the colléétor lens was 1, the area of the .

beam viewed at X = 0.5 cm was equal to the slit width used.
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Figure 8 shows the results of sccelerating He® to 175 keV and
observing the beam with an EMI 95028 photomultiplier-with a multiscaiér
read-out. A 1.8 pamp beam entered the chamber. Six lines in the visi- :
ble spectrum bf helium were observed with 2 mm slits. The PbS_deteétof-
recorded no radistion either'in7the visible or infrared region of the
spectrum. A maximum sensitivity of 100 nV was used and the system was
éhecked with the mercury test lamp during the experiment. Slow scans
for eight known infrared helium lineg were made without result. The
helium photomultiplier results were repeated with a 2.5 pamp beam,
Another sea:ch for the known_helium i.r.. lines revealed nothing.

An attempt to detect radiation from 175 keV hydrogen failed even
though HB and H&-were observed with the photomultiplier. Although a
visible beam could be seen with the unaided bub dark-adapted eye, Ha~was
not detected with the PbS detector@ A search Tor members of the Paschen
serieS‘alsovyiélded no i‘ésults° |

The:inability to see hydrogen or heliuﬁ épectra in the infraredv
region places g 1imit_tq the detection cé@abilities of the system used.
The ability to déte¢t the'visiﬁle speétrum.with a photorultiplier aemone
’straies:the ability of the optical system to do beam~foil work, The
brief Studies of tﬁe carbon foil radiation have raised guestions which

may be of interest to investigators of the beam-foil inﬁeraction,
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CHAPTER IV
CONCLUSION

The capability of the present i.r. detection system to do tradi-
tional infrared spectroscopy has been demonstrated. This section will
evaluate the extension of the beam-foil method into the near infrared.

In the experiments, an attempt to detect Paschen o (Al.8751 p)
in hydrogen (n = 4 to 3) failed. The inability to detect this poten-
tially strongest line places & limit on the detectable power from any
single line from a beam-foil source. In the experiment, 6 pamps of 175
keV H3+ were used. An estimate of 10’ excitations of the 4P level in
H I per pemp beam per second has been made from Iyman ¥ (n = U4 to 1)
measurements [Andra 1970). Using this number, the initial number of
atoms/cm® in the 4P level (NhP) is obtained. Note, however, that only
two of the five transitions which compose Paschen o arise from the 4P
level. The power detected from Paschen o at a distance x cm from the
foil is given by ‘

I(x) = k Ny (A + A hc P2av (<, %) sinh ahPs
(x) = X Myp (Mpgg * Mgy &= G @ (p 3) stoh —

[Bickel 1967]

vhere k is the total efficiency of the optical system and detector,
(AMP3S + AMP3D) is the total transition probability for the two transi-

tions under study, A is the wavelength of the radiation, th is the sum

28
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of the transition probabilities Qflall tr&nsiﬁions from the 4P level
(see Fig. 9), v is the velocity of the beam in cm/sec, § is half the
length of the beam vieﬁed by fhe spectrometer, and a is the cross éec;n
tional area“of the beam. The details of the caléulation are in Appendix
E, which shows 3.58 x 1077 wéits or 330-photons/se¢‘would theoretically
be detected. Although only tworof.the transitions responsible for ﬁro»
ducing Paschen o were used for this caleulation, the value quoted shoﬁld
be close to the true valué since S and P levels have been observed to be
‘overpopulated at low energies in the bean-foil excitation process.[Yager
1969]). From the calculated detector limited minimum detectable fower of
5 x 107° watts (Appendix ¢), it is obvious that Paschen o -is beyond the
range of detection. |

In recent years several methods of increasing the detectiviﬁy'ofi
a detector have become a#ailableo Aﬁong these are the use of cooled
w1de band filters and cooled apertures for the reduction of background
radiation incident on the detector, and cooling thg detector to decrease
| N deﬁec%or noise. External noise pickup has been reduced by cooling the
rndetgctor preamp as wéil;_ A@/best;-sﬁch techniques provide an additional
order of ﬁagniﬁude in détecﬁivityn State—ofnthe«art PbS detectors now
have an NEP of 10™** watts [Martln 1966, Do 26 Branca21a end Cameron
1968, p. k5], These detectors are clearly not good enough for the low
levels of power encountered. Only single photon couﬁﬁing'devices wbuld
be 6f value here and none are présently available for ﬁavelengthsvlonger
than 1.3p. |

Another estimate of the potential of the beam-foil source for .

i.r. studies can be made from an estlmate of the beam current needed to
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s Paschen o

Fig. 9. Partial Hydrogen Energy Level Diagram.
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Jjust detect A 1.083 p (2 3P1 -1 aSl) in He I, using a detector with an

NEP of 107 **

watts. The experimental parameters are assumed the same as
in the case of hydrogen except that 300 keV eneréy is used. 1In this
case the intensity 1s known and the number of particles/cm3 in the 2 aPi
level is to be found and converted into a beam current. The calculation
in Appendix F shows & 5.2 x 1072 pamp beam is needed if one assumes 20%
of the original He+ beam was excited into the 2 aP1 level after passing
through the foil., This is definitely not the case, so that the actual
current needed may be many orders of megnitude higher.

In the case of A 1.083 p is He I, there is a possibility of in-
creasing the beam currents used (2.5 pemps is common). In addition, an
optical system using fewer elements could be used to increas=2 the amount
of radiation reaching the detector. A vacuum instrument, with the grat-
ing as the only element, connected directly to the target chamber could
increase the radiation at the detector by 30%. A by-product of an all
vacuum system is the elimination of atmospheric absorption. To increase
the radiation entering the spectrometer slit by a factor of 2, a focus-
ing mirror could be placed opposite the slit to double the solid angle
of the beam seen by the spectrometer. With these changes, it may be
possible to detect A 1.083 p with a state-of~the-art PbS detector. How-
ever, a photomultiplier with an S-1 response should be able t.o detect
this line with the present apparatus.

Frcem the above calculations, the maximum power radiated by the

beam-foil source but not detected by the system used is the emplifier

limited power of 3.3 x 10" >? watts. The Paschen o calculation also
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shows that this value could be as much as 5 orders of magnitude %too
high. Until the detectivity of the PbS cell used is known, a better

estimate of the magnitude of beam-foil i.r. radiation can not be made,



APPENDIX A
INFRARED INSTRUMENTATION

Signal Modulatoi:

Princeton Applied Research Mechanical Light Chopper Model BZ=1

Serial 298, two blades, 75 Hz.

© Signal ProgesSingz
Princéton Applied_Rgséarch Precision Lock-in Amplifier Model
HR-8, Serial 1291; Preamp Typé A operated in the diffefential
(A~B) mode, selectlve external reference mode Wlth reference
equency and reference a&tenuatlon operated for 2 volt refer~
ence. signal; 300 msec or 1 sec time constant at 12 db/octave
rollmoff raxe;Aphasé;and frequency trim operated for peak signal;
signal Q 10-25 for least noiéé interference; meximum sensitivity

200 nV (noige limited).

Signal Moniﬁor:

- Tektronix oscilloscope #551.

Collection Opticss
£/3, 1k cm focal length glass lens operated at £/3.4 and magni-

Tication one; 0.068 sr solid acceptance angle,

Order Sorter°

No. 87 Kodak Wratten. Fllter, gelatlno

33



-3k
Spectrometer: _
Perkin-Elmer Model 210B; 600 4/mm grating blazed at 1.6p; 30-50

B/mn dispersion; linear wavenumber drive (400 cm™ /turn).

Detector:

Perkin~Elmer Kodak lead sulfide photoconductor in Perkin-Elmer
standsrd “’ohehnopile holder operated as one leg of a Leeas and
Northrop #12735 Wheatstone Bridge; 8.4t volt d.c. bias voltage
across bridge; )
.'DS"L = lQl}_, cm \/ﬁ?/vra{_t,-

90° angle of view, |

2 x 0.2 mm element,

Room tempéra,ture operation,

R, = 10° volts/watt,

Dark resistance 5 x- 106 ohms,

Noise voltége 6 x 10"7_7 volbs,

Wavelength region 0.4t - 2.7u.

Auxiliary Equipments
Leeds and Northrop #2435-C galvanometer to null bridge;

0.025p amp/mm sensibivity.



APPENDTX B
AMPLIFIER LIMITED MINIMUM DETECTABLE SIGNAL

o The amplifier is limited by Johnson Noise, The minimum detec;
. table signal = Johnson Noise x /Eaﬁafaiaﬁﬁ x Johnson}ﬂoise Voltage Mul-
tiplier. The PAR Johnson Noise versus source resistance curve givesAthe
Johnson Noise for 88 x 10° ohms bridge resistance as 50 nVA/Hz.

The band width is:given'by 1/8RC for a 12 db/octave rollaoff..
rate. 300 millisecond time constant gives 0.416 Hz.

'/20 where F is the noise fig-

‘The Johnson Nolse Multiplier is lOE
ﬁre in db given by the PAR_noise figure contour, _The contour_for single
vehded operation can be used for doﬁble ended operétion wﬁen.the scurée-
is_ébove 3 x 10° 6hm resistance, This is satisfied by the bridge. Thei
noise.figure for 7§AHZ modulation frequency and 88 x 10° olm source re-

8istance is 1 db,

Therefore the minimum detectable signel is
(50) /OFB 10720 = 3.6 v,

This occurs with a signal-to-noise ratic of one,
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 APPENDIX C

DETECTOR LIMITED MINIMUM DETECTABLE POWER

D*.. _ /H___Q__f
max nEP

Dxi o = maximum spectral sensitivity cgaﬁ;fi

: A = detector area cm®

Af = amplifier band width Hz

NEP = noise equivalent power or m:#ximum detectable power (watts) for

& signal-to-noise ratio of one

We wish to know the NEP:

max ‘ -
A'Dmax = 8x 10*° en VHz /waktt at 75 Hz modulation frequency for an

- average detector,

A = 0.2 x 0.02 cn® from Appendix A,
Af = 0.416 Hz from Appendix B..
-L3

The NEP is found to be 5.1 x 10 watts,
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APPENDIX D
PbS DETECTION SYSTEM TEST PARAMETERS

Mercury pen-ray lamp positioned 25°5 em from the collector leus,

modulated at 75 Hz.

S1it width 0.466 mm.,

Noa ‘87 Kodak Wratten f;ﬁ..lter rotgt'ed int‘p»the 1ighfc path,

600 4 /mm gfa‘bing set for ?\1.0139:5. or 16,67 * 0.02 dial numbers.

Exit mir;’or in positj_on for PbS detector. |

260' v sensi’civj.fy, 300 msec time constant, 12 db/oct rol;noff rate.

Ad.juSt phase, freguency trim, wavelength dial and lamp position for

a maximum signal of 105 uV,
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APPENDIX E
POWER DELIVERED TO THE DETECTOR BY PASCHEN o

The power detected at a distance x cm from the foll is given by

I(x) = k Ny o (B one + Apoan) 28 22 exp (- E)s'nhdl‘Pé The ¢
=% Thp Vhp3s T Chp3p’ X Tw Xp \~¢)p ) sinh —— . on-

clusion contains an explanation of the individual terms. The values of

the terms are presented here.

k = collector leﬁg solid angle x detector efficiency x optical efficiency

Using the value in Appendix A for the collector lens solid angle, 0.5
for the detector efficiency [Hall 1970), and 0.3 for the optical effi-

ciency (see the Instrumentation chapter), we obtain
k =6.33x 107* |

NMP = number of atoms in the LP level per pamp beam current per second x
beam current + volume of the beam after one second (measured from the
foil where volume is zero and t = 0). 10’ 4P atoms/pamp sec is ob-
tained from experiment {Andrz 1970], and 6 pamp H3+ beam was used. The
volume of the beam after one second is given by the length of the beam
after one second times the cross sectional area of the beam (a cmz).

The velocity of the beam at 175 keV is 3.34 x 10° cm/sec. Using

a = 0.196 cm°, we get

Nyp = 0.928 kp atoms/cm”
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The transition probability for the two transitions studied is

AhP3S3D = AhP3S + AhP3D = 3.3 x 10" /sec  [Bethe and Salpeter 1957]

For A = 1.8751 p, we find

%3 = 1.06 x 10"*° joules

- 7
%o = Aypan + Aypsg *+ Aupag * Aypig 8.08 x 10’ /sec [Bethe and Salpeter

19571

0.19% cm®, we find

Using x = 0.5 em, 6 = 0.1 cm, and a

— = 0081 Cma ’

exp (aahP é) = 8.87 x 107t s

and

ahPé

sinh =242 x 1072 .

Putting all the above values together, one finds the power detected from

Paschen o to be 3.58 x 10™'7 watts, or 330 photons/sec.



APPENDIX F
REQUIRED BEAM CURRENT FOR A 1.083 p IN He I

For this calculation we assume the available detector has an NEP
of 10”** watts. This corresponds to 2.18 x 10° photons/sec detected.
The intensity (photons/sec) at the detector a distance x cm from the

foil is given by

aP6

2av X .
I(x) =k Np Apg =5 exp (-aP 3 ) sinh el

The factors k, x, a, and 6 are the same as in Appendix E. We assume
I(x) = 2.18 x 10° photons/sec, and use the equation to find Np, the ini-
tial number of atoms/cm3 in the 2 3P1 state of He I created at the foil

in one second. Using 300 keV for the particle energy, the velocity is

3

3.8 x 1 cm/sec. For the transition 2 aPl - 1°S, , the transition

1

probability = o, = 1.022 x 10" /sec [Wiese, Smith, and Glennon 1966].
P

Using these values

I (0.5)
P AP5

k 2av exp (-A, é) sinh —

N, = 8.7 x 10° 2 aP1 atoms/cm® .

The number of atoms in a pamp of He+ beam per second is
6.25 x 10*® atoms/pamp sec. Dividing this value by the volume of the

beam per second (av), we find a one pamp beam of He' has

L0
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8.4 x 10° atoms/pamp cm®.

The ratio of the number ofvE‘SPi atoms/cm® to the number of
atoms/cm® in o pamp of beam gives 1.0k x 10™® pemp He' beam required to
just détect A 1.083 . '

This calculation was ﬁade-assuming all the beam was in the form
of He I after the foil. From experiment [Mertinson snd Bickel 1970b,.
Table I}, only 20% of the beam is He I and'all of this is in the 2 °p
state. If we now assume that the current from He+ before the foil re-
mains the same after the foil, then a 5.2 x 10™® pemp beam of He' is

needed to just detect A 1.083 p with the best'deteétOro
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