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LUMINESCENCE OF CRYSTALLINE CELL-NUCLEAR
CHEMICALS UNDER IONIZING RADIATION

. Richard L. Lehman and Roger W. Wallace

Lawrence Radiation Laboratory
~ University of California
Berkeley, California

August 8, 1963
ABSTRACT

An experimental study has been made of the delayed phosphores-
cence a}nd thermoluminescence propérties of 34 scparate cell-nuclear
chemicals exposed as crysvtalline éowdcrs to cobalt-60 rays at 779K,

In addition, the luminescence of the nucleic acid bases and 1'(:1;11.@(1
compounds was studied under irradiation with intensce heavy-ion and
electron beams. Undér clectron bombardment, the cffects‘of ambient
gascs at various pressures have been examined at 77 and 295°K. The
biological ‘significance of these measurements is discussed.

The thermoluminescence-glow peak location, temperature-widths,
and yields have been reported. The location in no case excecded 180°K,
and ixj most cascs stood in the region 1_'00 to 150°K. It was found that
a given chemical may I;avé several peaks, and similar chemicals may
have glow peaks that difiex; in width, location, and intensity. Adc¢nine
and cytosine samples released 0.2 and 0.1%, respectively, of the

absorbed gamma eénergy as thermoluminescence. In cach case, the
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yields of molecular compounds that contained conjugaied w-molecular

~orbitals approached these; other compounds such as lecithin had yieids

.

of the order of 10 . The activation enthalpies for thermoluminescence

-glows have been examined in detail, and a new method for their determina- 3=

_tiofx base.d“onv phosphox'eé:écnce.dé.cay at 77°K _he;‘s b'eczx used.

For those substances exposed to the particlic beams, the emission
s'pvcc't'r"_a-varvxd yields dt ..25'0 to 606 nm under’ various gas pressures have
bcﬁ:n'répbrtcd. Ra&ioﬂu_orescencc cnergy yiclds .up’to. 13% were meas- -

urcd for adenine at 77°K when the ambicnt oxygen gas pressurc was

300 u Hg. At 2860K the yield was 0.2%. Yields for the other nucleic

acid bases were roughly 1/10 of these., The emission specira were

found to be bell-shaped bands in the region 350 to 540 nm with widths

.of about 100 nm. When adenine was exposed at 77°K in the presence of

> 100 pu Hg of gas, the emission spectrum peaked at 490 nm. Under
vacuum at 77°K, or at 2860K under all conditions, the spectrum peak

shifted to 520 nm. Similar shifts were observed for the other com-.

_pounds. A conceptual model, the exciton-hypothesis, has been advanced.

to interpret the téemperature and gas pressure effects onradio-

lumiineséence..

L LA
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List of Symbols

Warming rate (OK/sec) in thermoluminescence measurements,

Free energy change in thermoluminescence reaction.
Rate of excitation of moleculces by incident radiation.
Equals v;x.

Boltzmann constax{t

Intensity of luminescence at time t.

Number of excited molecules at time t.

Equals 1/7, the probability for radiative transition.

Entropy change for thermoluminescence rcaction.

Frequency factor--relatvcd to the natural vibration {requency of
the system, to the entropy change in the fbez'moluxaai;xescexxce
x'ebaction, and to the transition coefficicnt.. 7

Temperature at thermoluminescence glow peak.

Temperature as a variable.

Time.das a variable.

Meantime for luminescence decay.

Thermal activation enthalpy for t‘iié’z;molﬁmiz\cscente reaction.

Crystal vibration f{r equency.

The transmission coefficient.
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LUMINESCENCE OF CRYSTALLINE CELL-NUCLEAR
'"CHEMICALS UNDER IONIZING RADIATION™
'Richard L. Lehman and -Roger Wallace
Lawrence Radia‘tion Laboratory
University of Culifornia
Berkeley, California
I. INTRODUCTION
There is now co.nsiderable support for the view that the basis
of cell energy dynamics is the élec_tron, and that the complex struc-
ture of biomolecuies and their aggregates provides simply the
scaffolding for handling électron excitation energy (Szent-Gyorgyl,
1941 and 195?;.Augenstine, 1960). The electron cnergy transistions
associated with .crystalline luminescence ﬁmount to a few elecrtr'on
volts., This is the sanﬂe order of magnitude as is handled in nocrmal
mol_ecular'energy transfer in living cells, and as is found in the
primary chemical bonds.
This work starts {rom the point. of view that ionizing radiation

lcads ultimately to electron excited states of the same size (a few

Work donc under the auspices of the U. S. Atomic Energy
Commission. Richard L. L_ehman gratefully acknowledges support
from the Oak Ridge Institute of Nuclear Studies. -

To be presented at the Symposium on the Electronic Aspects of

‘Biochemistry, September 16-18, 1963, Ravello, Italy.
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««lectron volts), and that the mode oi"dcexci_tait-ibn_dc-‘;termincs' the
-biological ‘damégte. It is held that such excitations, within a mole- -

~cule or within-an aggregate of molecules, may be stabilizdd as a

| cl;axnge m a. Cll.'(;llddicéll bqnc;',}‘ they . may bev'diSSip'éted EE 'mdlec:n_xlar
"...vib.rati'on»ex—cvhax;xgc.as,- or they may be released as‘lun“:i-ncvs;:'ehce_.

It -thu:s fbe_cox"n“es of interest to study the condition:;'t:h‘ajt' dc'tei-fm‘ine
’5._f_,\yhi'ch_déexcipation mode a rﬁol_e;@le ix;f a .c.onden_sed s'_ystembwill- L.;l\e
bcxlyvét_éll‘iin.e i'ﬁminés’ce.x{c'ei is ,l'a‘rgely an c-mpirilc'al sc;ence-,'.

and ivht.cr.pretatiox‘xs in'tervmvs of basic principles has ‘oérely bcguz)
'_'..(Gaﬂr'.l_i.ck,' 1958, 'Cur-ié,' 1960)7 Optical tra.risitions in'oz‘ganic',molc;
culcb i.n'\)ol\'/ve W And'n evlectror} orbitals. vSu.c‘n trénSiLi'ons' are cap- .
.v_able.,_"c.JI.‘,_fno_dii'i»c'ati‘bvz_u»va local i.nterac.tion, for .é:-éample with: "nydx_'.ogcp
bordsand\\lthmoleculal viﬁ'rétiorﬁs, an"d.in.'fé.c't. iz;. con”é‘eﬁs_cd
'_Asy'_sl.tevxﬁ,sv_'bpt.ic’:él vtrzvii*%s.iti'ox_m_ss'vpccﬁr in general only from the first
C\c1ted smglet and trAplet _stétzefs b_e('%auéé any e:f:-cess:venexjgy ‘of cxc1ta— .

¢

rapidly lost by means of such vibrations (Hochstrasser, 1962). -

s

Hion 1

ur

L 1t js.kno.\Qn_ thatr 6xygen may stréngly_ —in‘ﬂuejr}vcie L’r\e lumines-"

ccnce oi i#raéiated’qorgérﬁg.poxvdérs. ‘-'Ha'Lr'naho_(.1.926)'1vre'p6rt‘<~3c3’t}j.at |
.'c.};xOlerstverol'and ce-z'-t.a"i:n'_fq‘thér dry substances -.w.er'e :j;ible, .f..;.)llo'wi'ngl
x—ré&r dr“u'l-trgv_iéle‘tr; 'ir'i‘adi;;t'i_on: in the presence of oxygén’, to evxpo_s"e : L

-

photographic plates. Grosswicéner and Matheson (1954) found that -
. . . ) . . .

oxygen has no effect on the x-ray {luorescence of purec ice, but that
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ice frozen in 0.2 atm of oxygen gives a broad tbcrmolumixﬁcscen.cc.
Small quaht,ities“ of hydrogen peroxide, however,- quenched both the
fluorescence and the thermoluminescence.

Other phenomena that are based upon electron action may be
strongly modlifie\d by local interaction. A 0.1% tetracene-doped
singlér.cx;ystz.ll‘of anthracene was foun.'d_by Bryant ct al. (1959) to
give a completely different conductivity glow curve than a crystal boi'
purec anthracené. Vartanyan axia Rozenshtein (1961) reported that
the dark conductivity of .certain xanthene dyes 1s iﬁcreascd in the
presence of oxygen at lower temperatures, but not at temperatures
0f 50-100°C. The gaseous and water environments during and aiter
irradiation iaelvc marked effects upon free radical yield, quality, and
lifetime (Sxﬁith,l962).

Some earlier investigations have concerned the low temperature
thermoluminescence of organic powders. Emission spectra were
found to consist of one or more bell-shapéd bands of width 80-150 nm
(Sharma, 1956; Weinberg et al., 1962). The glow peaks themselves,-
when recorded vs. temperature, also are roughly bell shaped, and
thcy.o.ccur rxﬁ_a‘inly in the temperature region 100 to 170°K (Augenstine
‘et al., 1960). A given chemical may have several such-peaks, and
simivlar___chemicals may have glow peaks. differing in width, .location, .

and intensity. The thermoluminescence glow peaks of the ring-
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1

'structure amino acids are 1000 times as intense as thosé of the

othcr zvxm'.iné.a-c._ia}s.v : I{’uil'tzlimerv,_ffhe Tc'rbysrta}ll}nexsy.stém aribd ch«.mxcf,l '
'. in_vd.p'uz'i_.t_ics.ﬂ"a:re"r,ela_..t.ivély unimpo;tant irib.‘ch‘cﬁs.é glbw.;;f; a'x.xdvth.c glow .
: c(urvc.;' éf.a pfotein is nof; the compositevsu'm‘ of 1Lb axﬁino acid glo§vs Fe
(Carter,1960).

- In'the experimental study reported herein, most of the chemicals

present in the cell nucleus have been subjected to lumincscence
analysis in pure crystalline powder form. The preliminary work ” .
~consisted of a study of the delayed phosphorescence and thermo-

luminescence properties of a wide variety of chemicals following

R o o , E Ny S
irradiation at .77 K by cobalt-00.-rays. The glow-peak location, . . '

;cmperatuxe wi'd_ths, ,and. yiélds aré reported.

Thc s‘e_condl'prhlase of th_is w‘orkv consisted of examining théflumvin—'“’
vesé‘en‘tv‘e ‘ofv the nucleic ;Cid bases and rel.ate:d ;o‘mi).ognd's‘ u~d<_ i»rr‘adia;.,
tic')_nvwith :i.htve;ﬂ.rr_Se'élvec‘:trrio.n ancfi» lhea\‘/yv-ion.be:amé:.;v Undef Vglcct‘ron'boxﬁ— e oy

_-ibar'd_rnenvtr, _t-he_ effect':'o'fl_ ambieht gas'eé ég't'ya1‘i'0usvi$f'es$u1'e,é' on their
'viuiﬁinéscén.ce.‘ has bee.n studiéd..; The energydri‘el‘dé ajmdv efhiss~ion.'spect;'a;.
. fér _fiﬁ_orés'cence,_ 'thev'rrxno.lum'inescencé‘, ia'h'ci.v"k:ha'15&!@d phosphé;escex_xce-

‘are reported.

. EXPERIMENTAL METHOD o

"A. Equipment and Methods for'the Gamma Irradiations.

1. Irradiation Fa'cillity. o |
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" The Lawrence Radiation Laboratory cobalt—A(.zO gamimma
irradiation facility was used. It consists of Lw-o cobalf-éO
sources, which at -the time of these studies conﬁéincd totals of
~about 700 curies and 25 curics, rcspéctively. 'fhcsc: sources have
been des;ribcd in detail clsewhere (Tolbert et al, 1957;

Nielscen, 1957).
2. - Chemicals.

The special cell-nuclear biochemicals were supplied in the
purest commercial gradés by Sigma Chemical Company of St.
Louis, ‘Missouri (Mr. Louis Berger, of this company, has
written that the nucleic acid bases were crystallized from hot
.aqueous »solutions without usc of ofganic solvents.) The more ' -
common chemicals were of analytic reagent grade. The dry
chemicals were in polycrystalline powdered form, and were
stored in a freeczer.

3. Sample Holder.

The sample holder for the irradiations may be seen in Fig. 1.
It consisted of a base assembly and sample cup, a brass V-tube
barrel, a heavy Teﬂobn coupling mount, and end windows. Details
of the base assembly are given in Fig. 2. All the metal parts
were blackened by the '"Ebonal C" proce_s% of alkaline oxidation.

The smaller-diameter arm of the V-tube barrcl is so oriented

3

e
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Lhat _ilxmfz'éx_"ég.l_ light may ‘bé put on.the sample lel'ougla the small
' gcrmamuzin énd wi'ndvow; vThev larger -t-_vdviametevr arm serves as

' 'Lh;e l1g}»L Lube ‘.i;'o‘m' the ..sanvup‘le' thvrou.‘grh fhe quart.%z. e_n‘d \viz;;dow

.tc.) thé.lahétc.)mulﬁipl'.ier appavratus.: The V-t‘ubé arms are seg-
'méiﬁted so thz;t T'efl;onvgasketvs may the_rmally in;ulate fhc end-
\v_ixudox&sv-. | The Teflon gaskéts provided air- and-liquidtight sealsg.-’

4. Photomultiplier

~ Several RCA 1P28 quartz-window photomultiplier tubes were
used. The light-sensitive photocathode material of these tubes

is Cs_Sb, which has an S-5 spectral response that peaks at

3
340 mp and has a useful wavelength range from 220 to 600 my.
.The tubes used were carefully selected to have a dark-current
.output of 0.3 to 0.4 nA when operated at 980 V. ‘The photo<

‘multiplier housing consisted of a Teflon coupling mount, a camera
“shutter, and theé aluminum tube-head mount. - The meatal parcs
_were black-anodized and the outer Teflon surface was covered

‘with black tape.

5. Amplifier and the Recording Equipment.

" The photomultiplier tube was supplie¢d with 980 V via a
standard voltage-divider"box from the regulated 2-kV voltage L
w

supply. The light signal was amplified by the E-H Company

' K . : . - - VN - T
 model 215-RL clectrometer-voltmeter {itted with a 10 <ohm
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precision resistor. The amplified light signal was displayed in

the Leeds-Northrup X XZ model G type-S potentiometer strip-

1
chart recorder. The temperaturce of the sample cup (Fig. '2) was
simultaneously recorded on the strip chart by usce of the copper-

constantan thermocouple leads and coupling jacks.

- 6. Experimental Procedure.

A 10- to 200-mg sample of the chemical to be tested was
“weilghed on a precision balé.nce and‘put into the sample cup. T;11e
crup asscembly was screwed int_b the body of the holder until the
chlon gasket was tight, so that the samplé was sealed in air at
292°K at 40 to 60% relative humidity. The bottom two-thirds of
the sample-holder assembBly was then immersced in liquid
1itrogen contained in a one-pint vacuum Dewar. Threce minutes
was required for the sample to rcach ligquid-nitrogen temperature.

‘Next, the Dewar holding the vacuum flask was remotely
carried to the irradiation position inside the cobalt-60 source.
Approximately 2 min elapscd during the proccess of getting the
When the irradia-

¢ source housing

sample into and out of the larg g.

tion was completed, the photomultiplier assemby was coupled to

thé sample holder, and the latter was quickly taken {rom the

eated in the heater. The

w

liguid-nitrogen-immersion Dcwar and

heater consisted of wire coils housed in a ceramic base. Irom
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St hc it was: dchvcrco to the low r two- tnn ds ofl e sample holder. : §
‘the heater base contained the sock ot for the thg noéoupl’c jacks. !
By varying the ac voltage to the heater coils a constant rite of
i sampl warm-up was obtained. The rate cauld be variced between T .
o 2.0 L i
8 and 70 C per minute.

7. ~Dosimetry
The radiation f;cld; within the cooalt 60 sources were
‘measured With polished cobalt glass p es 13)’6 1.4 mm. The
reading equipment was the Bausch and Lovmb spectrophétomeater
type . 33-29-40 together with the Sor(,nbon and Compa ny ac
_'voltage regulator modél 1000-3. The mecasurcd radiation ficld
~~.at the sample location was 93 r,oentgcns/éec. This-wés‘ {ound to-
: be vin agfeemen’t with inte’rpolated values .o b med by t F14i,cke
{ferrous sulfate method and by sopmal colorcd l’cuc dos‘mcte*'s RS
- : (Lehman 1902) bupplu.d by the ‘n,d gerton, Gcrmc:luausc ano -
- Grier CO‘mpany.‘ In each case it was"assumed that an e.\;posurc"- :
dose of 1 roentgen - deliveréd an absorbed dose.oi'l rad, . or -
B. - ‘Equipment and Methods for the Particle Irradiations .
‘1. ~Heavy-IonAccelerator : e
- The Lawrence Radiation Laboratory heavy-ion accelerator can - .,
produce variable-intensity ion beams.of atoms of'mass between :
|
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i
7

helium and argon at {ixed energ

o

y of about 10 McV per nuclcon.
Its use in biophysics irradiation has been described by Brustad

(1960). ’
For this work oxygen {(+0) and carbon (+4) ion beams were

~used at beam intensity levels of 1.2 to 4 nA, measured by a

L -

0.1-mil insulated aluminum foil mounted behind a 37/8-in. -dian

‘collimating hole, immediately in iront of the target sample

™

“holder. The beams were delivered -msec pulses at the rate
of 12 to 15 pulses/sec.

2. Electron Lincar Accelerator

The Lawrence Radiation Laboratory Lincar Accelerator

-produced intense beams of 5-MeV eclectrons. The beams were

delivered in 6-psec pulses at rates between 7.5 and 30 pulses/secc.

~

3. Chemicals

,.,
-
"
o)
0.
2
fu
t

Tnc chemicals were the same as those used in the v
tiou‘sv‘7 For use in the target sample holder it was necessary to
press the powdéred polycrystalline chemicals into 3/4-in. -diam
l-g pellets by use of a hydraulic ram. The pe}.lets were stored
at 0°C over a desiccant (CaS’bé). A new pellet was prepared and

put into use when its predecessor had accumulated 10 rads.

4. Target-Sample Holder

The target sample holder was designed so that particle beams
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would play on the pellet directly. The holder may be described
“‘with the aid of Fig. 3. The particle beam éntered brass port B. -
‘and struck the pellet, which was mounted by means of double-sided
‘masking tape on the copper target mount D, The target luminescence

~passed through quartz window C and coupling mount A to the spec-

trometer-analyzer and phototube. The copper-constanian thermo-

— N

couple lecads E passed through the brass base plate to the target mount,
© A stream of liquid nitrogen flowed from F to D to G to cool the

. target mount during the low-témpcrature mceasurcments. Dry’

%

N

nitrogen. gas, flowing under roughly 10 to 3(5';)si_alozﬁg the same
péth, \§'armed the target 'moun‘t during thefﬁiolﬁminescehce runs.’

_ | All the _fﬁetal'parts in the op_ticél ‘én;l of vtvhel hovldc"r‘ wefe

' blackencd By thé.:“’Ebonal C'" process of avvllsaii"xie: omaat;on Tln.
ﬂ,.,_“ol‘d‘ér had va‘cuuvm-.tigfht rubber O-ring. ééals at élvl“:'co;l'pl:izﬂ.g -

' s}>uffac;‘e.'s. v Hidder{ in the brass pmft B a'nci located 1 .in.bv from the - -

tazgcl moult \;\/asv'v an val';lzr.xin'um collima.t"(:)'r—piug'wiithié IIV/IZV-in.:—(E;iam
( cen.t}r‘al lﬂole dri'llé_dvvalong the beam axls T‘nls pl{ig'-alld\;fiéd thg"'-

beam-to play exclusively on the mounted pellet.

5. -Conditions During Irradiation
- At the linear accelerator, the target sdample holder -and support .
“tube by.3-in. The beam-port tube of the holdér slipped past an

" O-ring vacuum seal into the support assembly. The support assem-

R A

s
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bly was fitted with a Nuational Rescarceh Corporation vacuum ion
Y H
gauge mount above, and with a vacuum mount below.

A necedle valve in the vacunum line allowea variable quuntitics

C
—

ry nitrogen, oxygen, or helium from commercial cylindoers
to enter the target sample holder via the support assembly. The

=g

high-vacuum system consistéd of a mevchanical roughing pump
bac}ied by a mercury diffusion pump.

For the work at the heavy-ion accelerator, L“no..bcz}.m—-port arm
of the target holder entefed.a suppo‘rt assembly mounted on the end
of the accelerator-tank beam tube. There the pellets were irradiated

in the vacuum of the accelerator tank itself.

.0. Dosimetry

€
<

Pellet-sized cobalt-glass dosimeter plates werce exposcd at

-
o

ct

10

¢

the target sit he electron beams. The reading technique and
equipment are given in Subsec. II-A.7. Ii was found thut the dosc
rate was 3800 rad/sec when the accelerator was operated at 0,05V
and 30 pulses/sec. When a picée of microslice glass was mounted
at the target site and irradiated, a circular area just slichtly less
than the 3/4-in. pellet was darkened.

3 4

No dosimetry was attempted at the heavy-ion accelerator. It

was assumed that the réadings of the foil beam monitor (Part A)

true measure of the beam current on the pellets. The heavy

g2
[s¥]
S
(¢
Y]
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-.Vspectl_"um-'to';f_ 500 _n'm,. 8.0"_hm'wide-avx;t;h;a‘lf:i'njténsivty.. : The luminou;
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’_iohs were »o'f.ﬁ'cours_e stopped in the fi:-fst 0. 40 mm of the pellet ' RN

a certain Farriount of beam energy was put into the pellet surface

and a certain amount of light energy was emitted. ~The lumines-

A'_c':'ervlt:e Yieids in this case were 'simply' the 1'atte_:r' divided by the
former.

L 7. 'Calibi.-‘.a'_ti-on of the Photonﬁﬁltiplievr—Amplifie‘r—vR'écorder'

- System..

A Sylvania Company 0.02-W electroluminés_cent disk was

'_used. as a distributed constant low-intensity light source to
L'si,m'ulate 'the‘ eXperimental glow. The disk and the blackened-
.b:éss,_iight tube are shown in Fig. 4. The brass tube has the

" diameter of the light orifice in the sample holders, and the exact

¥

léng,’ch’ of: the pe}let’-'td—‘s.pectrome’télv“ co}uplvi.r}g .cblvist"a‘nce...‘v Thﬁs,

| VWhevnn tHe"bl‘-as's: tube wa'.sv-insert'ed into thé_spectrdméfe:.x*. ;:'oupli'ng
., arici .fhév‘fac'e of the disk was held tiéht ag“ains't til'é- épén eﬁd, the
'.e’xpé'i"ifne'.r%tal épt.i"ca;l. geo,metvx.'y »obt;in.g'db g

.. The electrrélufh'ipes'cent disk,. W_ith_ éO:‘.‘OIVOitS 60-cycle ac.

~ . . .

appliedvfc_o,it‘,' Awasfdund to glow with total. radlant intensity of .- -

- 0.82 y,'\&}aft_é/'étefadiah, and to have é_m-béil_— shaped emi’séic’m} R -

'y

S
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and radiant intensity of the disk were mcasured at the National
Bureau of Standards by use of a calibrated vacuum photoelectric
tube fitted with a removable luminosity filter. The measurcd
intensity is believed to be accurate to *20%.

The glctroluminescent disk intensity was strongiy dependent
on voltage: it changed at a rate of 2.5% per 0. lb-volt shift from

30.0 V, and the total decrease in intensity in going from 120 V to

- 10 V ac was by a factor of one million.” The emission spectrum

did not shift over this range of intensities. Thesc propertics
coincide with those of an electroluminescent ZnS phosphor described
by Butler and Waymouth (1955).

8. Spectrometer

The spectrometer consisted of the monochromator analyzer of
a Beckman model DU. .A simple flat-mirror coupling input was
used, and an RCA 1P28 phototube was the output light detector.
The phototube housing‘was identical fto thaf used in tlﬂe gamma-
irradiation studies, but without the light shutter and Teilon collar.
Th(izbhousing was permanently attached to the facé i)late of the DU.
‘The optical band-pass width of the DU at 2.0 mm (wide open)
entrance slit \}aries with wavelengih, as given in Fig. 5. In the
same figure may be seen the 1P28 photo.tube relative spectral

response, and the "total'* relative phototube-DU response.
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'I‘hc high-voltége sul;)pl')', electrorﬁetér—;/olt.xx?ctcr,: and &;'ii'.ip- |
: clxé_i;t.I_'ec‘o'xv-der--were.the séme as in the gamma-ir,ﬂrriadiati-éﬁ_ :biv.;x;xdieg..
. m EXPEVTRIM.ENT;XL: RESULTS
| Ti)é lumigeéccnce:pr.dperties of thirty-four organi"c (’:hem;;.calsv irradiatedv
é‘t' 77.OK by bvco.balvt-6-0 rays, F- and those of the nucleic} acid bases'an.d fclatcd
»cbmpounds.'ii’radiatéd by heavy-ion and él‘ectron beams, are Vi"epor"te'd in-

this section.

A.  Luminescence Following Low-Temperature Gamma Irradiation

1., " Thermoluminescence

The glow-peak temperature, duration, and ;’Jield of radiant cnergy’
'er three dozen chemicals in powdered or quick'—frozen-.liquid 'forrﬁ
ax;e pr.evse‘nted in Table Ib. Because all the glé\x' péaks are roughlyrv :
b._ell-‘s‘ha;.)ed, the thi‘ee gi.vebn vmeasured pararheters (temperatuzj"e-
locatlon, _duratioh at half maximum, anci )}iel\d)iarel'suffic'i.ent’to

' describe them. In each case the glow measurements were begun

Fd
o

: between 2.5 and 4mm after the end Vof.thg-"éx?c‘)su‘ré. o
On the basis of fable I, two thmgsmay be erhb‘dasiz_ed:
3 : The'gicsv?atSeék vte'mp;eraturt‘ejs_.'s'ta'n'deitzhéut exc‘Cptiox}_ i.n' th’e""_ , -
- 'r.égion. b‘e:l_ow‘>18>O_OK.
b Cériaip_ vvcéliv-_n;xicléar' chemi.&:a__l‘s_"g'nrde'r s'ui_tvab‘lie' cénditidns .
. .r}'ﬂéy"r-é’.levas.er 0.1 _i’io 0.2% of £h¢‘ 1oc.'a_.1:.1).’ vla‘bfscfr.bed_ gamm;a-.'dose
vz}ts ;h.gx;mbl'urﬁinésgexjce. | - o R | v L.
Frofn Flg 61t can be s_éen ti’xat._ir-i‘ -eacvh casév -Of. »hi'g}.) gfxow vyi'c?ld,‘.

the molecular structure contains conjugated double bonds (v ofbitals),

iy
i

S

. e
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or, in the case of inorganic crystals, electronic excited states

common to the entire crystal. For comparison we have found

that PbClz crystals have a low-temperaturc glow-peak yield of -

about 0.02. The starred chemicals have been entered in Fi &

F,
o

at their approximately correct places as estimated from relative

intensity values reported by Augenstine et al. (1960).

The yields were obtained by comparison of the glow intensities

of the samples with the radiant intensity of a calibrated clectro-
‘luminescent disk at the same optical location. It was found that
the average glow-peak intensity of 1 uwatt could be duplicated when

the calibrated disk was operated at 30 V (60 cycles)._

.2. Phosphorescence

Those chemicals that, 3 minutes after the end of the gamma-
irradiation, gllowed with at least 0.1 the glow-peak intensity have
been noted "LNp' in Table I. In histone and protamine sulfate,

""phosphorescence'' was observed to be simply the emptying of

this
traps (via the low-temperature end of the Boltzmann distribution

tail) which belong to broad low-terﬁperature'-glow peaks of small

thermal activation energy (<0.15 eV). The same mechanism was

observed in sucrose and sodium chloride, except that sharp peaks

_(>0.2 eV) in the region 77 to 85°K caused the phosphorescence.

Strong delayed phosphorescence was observed in 5'-adenosine

.y
e
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dlphospha’cc (ADP) crystals and in a piece of sheet polyethylene.
‘When these substances were warmed at 8°K/m1n a phosphorcscence
of mean life about 6.6 min was found in the time region 4 to 22 min
aft:er irradiation. Typical glow peaks were superim‘posedon-this
phosphorescence, However, at a heating rate of 70°K/min, the
‘mean life of the phosphorescences dropped to about 0.8 vmin {the
‘glow peaks were still clearly' superirnposed)o The 4- to ZZ—min -
Vpho'sphorescence yields (140 and 50)(10"6 for ADP and polyethylene

respectlvely) remained constant at both warmmg rates.

"B. Luminescence Following Irradiation by Heavy-Ion Beams

: Oxygen ions at 10 MeV/nucleon give up their energy 1ocally as,

'_ dense spikes of excitation "along their paths. And because these ions
-.corne to rest in the reglon that they have excited, they are a particularly
' 1nterest1nd tool for Lne study of the local oxygen effect. These measure—‘ o
ments allow comparlson of the effects of two different excitation'modes o
.on 1urninl_escence-. N | | |

1, Fluorescence

The Tluorescence ylelds and spectra of elght cell-nuclear chem-
1cals under irradiation with heavy ions at 77° and 2950K may be - |
"seen in Table II. . (The ter_rn ”fluorescence” is used here to descrihe R
- luminescence emitted during irradiation. It includes all the -
phOsphox.‘.escence with mean life <1‘ second and the initial few
seconds of phosphorescence of longer duration.,) It should be noted

that the ylelds are minimum estlmates not corrected for that portion

of the fluorescence whlch is seli-absorbed, 'in pressed crystalline

' pellets_‘.v This correction could amount to a. factor of 10 or more.
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!

Nonetheless all values are of the order of ZXIO-S, and there is |
no consistent pattern. Considerably different spectra and yields
were observed when adenine was irradiated at 77°K \'Nith ‘carbon
"and witvh oxyge}x beams.

In each case the emission spectrum consisted oif a single sharp
.- or broad peak located in the 350- to 525-nm region.  With oxygen
beams the peak widths at half-maximum intensity varied from 90
to 225 nm, but most were in the neighborhood of 100 to 130 nm.

An unexpected transient fluorescence '"buildup, "' which may
be related to the on-off method of taking measurements, was
observed in about one-half the runs. During this work the heavy-
ion beam was turned on for 5 sec {12 pulses/sec), then off for
5 sec while the monochroma'tor dial was changed to the next wave-
length band, The "buildup" was a fluorescence during the first
few 5-sec exposures that was 1.5 to 2 times the intensity obtained
by subsequent exposure at the same wavelength setting.

1t
3

2. Phosphorescence

An excéedingly small phosphorescence ovf mean life between
0.5 and .2 sec was observed in all éamples irradiated at 77°K and.
in all but guanine? thymine, and adenosine triphos'phate (ATP) at
295°K. The yields amounted to approximately 0.0l the fluorescence

yields, and the phosphorescence emission spectra lay in the region
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450 to 600 nm.  The absence of this afterglow was quite evident

t

on the declining edges of the 320-to-450-nm fluorcscence "spikes"

of thymine and guanine.

3 Thermoluminescence
Attempts were made to generate the 120°K adenine glow by
use of heavy-ion energy inputs up to 2000 joules. Neither with
oxygen nor with carbon beams was there any evidence of a low-
temperature glow. Under the experimental conditions of 1 to 5
Hg residual vacuum the glow yield did not exceed IO-IO. Similarly,
_rio glow was observed in sucrose irfadiated by doses tc 500 joules.
‘When the photomultiplier is coupled directly to the optical arm
. ofbt-rhévsample_ holder and the DU is eliminated, ‘sensitivity is
increased about 300 times. A guanine pellet was irradiéted at
: _7':7-0vK_with suéh a setup to an energy input of 70 j.oules of oxygen
vbe'am»'. 'Anvir.xitial pho‘sphoi.‘eércence. fell, by a factor of lQO,_ to appzfoﬁ
zero during the first 40 sec postvir'radiatior‘l. Upon hébating,. a small
sharp glow peak appeared at 930K and é broad peak at 12401{ t-halt‘>
| "had a tail to 200°K. The total yield was 0.32X 10-?_, with the

residual gas pressure of 1 to 5 p Hg.

C. Luminescence Following Irradiation by 5-McV Electrons
Measurements were begun at the electron linear accelerator in

order- to obtain the hig_h irradiation dose rates required to study the
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luminescence spectra of organic crystals. The studies with heavy-
ion beams and preliminary work with electrons had recvealed that the
ambient gas pressure during irradiation has a proiound c{fect on radio-
luminescence. For this reason,- during these runs the sample holder
and mount were separated from the electron-beam tube and had

. .
an independent high-vacuum system that admitted controlled amounts

of gas.

1. Fluorescence

The radiofluoresence yields and spectra of the five nucleic
acid bases are reported in Table III. (Again, ‘fluorescence"
refers to luminescence emitted during irradiation.) As with the
.bcavy—ion beams, the yields ére the ratios of the radiant {visible)
e.nergy to the energy taken from the electron beam by the pellets.
An‘experimentally determined factor of 10 has been applied in all
cases to compensate for the self-absorbed light deep in the pellet.
There \yas no fluorescence ""buildup'' with the 5-sec-on; l5-sec-off
routine,

The maximum fluorescence yields occurredat 100 to 300 p Hg
of oxygen pressure, and the yields were in general greater at the
lofvgr temperatures. Otherwise thére were no general patierns.
Under certain conditions adenine was observed to release up to

13% of the absorbed dose from 5-MeV electrons as visible radiation.
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The emission spectra were found“tb be bell-shaped with peaks
in the region 440 to 540 nm and widths from 65 to 160 nm. The

spectrum of a sample at constant temperature was not strongly

altered by a change in'gas pressure. A change in the quality of the

Lt

gas or in the temperaiur ffhe sample, howaver, did modify the
emission.

2. Phosphorescence

a. Adenine., The data for mea‘surements of thé_ 77OK aftergl_ow
' of adenine under wviaely diffcrent co.ﬁditions of gas qualitfand
pvressg'rve :ma')} be simply stated: af pressures gre-atér_than
30 u Hg the adenine phosphorescence yield and spectrum a‘re v
identical W_ith the thvermol.uminescence \/}iél'd ana 'spect'fé for the
_given conditions. With good precision it was possible.to
estimate the magnitude of t‘he 120°K glow peak from that of
'fhe 770K. aft.er'glow." A number of careftii*spectf_al m_eésurc-
. ;fxie%lts alscé failed to reveal a diffgrénce from the gioiv péak
B ':_s'pectr\.l-'rh; 440-490-550 nm (sce Tabie IV).
:'I‘.he' deca.y. of the adenine a'ftergIIOW wa.s quite special also:
the intensity foll-owed
I 1/t, for t>1 seé.' L . (_1):
~That is, the decay‘is 1ogarithmic;_wi'th slope of -1. T.his':w

decay has the interesting property that its instantancous "'mean
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1';'\fe” always equals the time elapsed since the end of the
irradiation.

As the pressure drops below 30 u Hg, the phosphorescence
persists in the absence of thermoluminescence, but with
decreasing yield. No .measuremen.ts were taken at room
temperature,

b. Cytosine. The 77°K phosphorescence of cytosine followed
the same pattern, except ti§at the yield never exceeded 0.1 of the
thermolumines#ence yield at pressures above 200 Hu. At lower
pressureé a \yeak afterglow persisted in the absence of a glow
peak. Here also the decay obeyed Eq. (1), and the afterglow
spectrum coincided with the glow-peak spectrum.

S. Uracil. At 77°K the uracil afterglow yield was about 1/20

of the 140°K glow-peak yield under all conditions. The emission
spectrum was measured, 420-470<520 nm, and found to coincide
with that of the glow peak. The decay also obeyed Eq. (1).

d. Thymine and guanine. A The low-temperature phosphores-

cence.of these substances was weak but measurable. In no
case did the yield for thymine exceed 0.1 the 121°K glow peak
yield.

3. Thermoluminescence.

The glow-peak yields and emission spectra for the nucleic acid

bases are presented in Table IV, and a typical glow curve may be
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's:ccn Ain Fig.; 7.. A;though the yields ‘var>ied wideiy bcv'twee.n the
di.fferent‘. sémplgs, the emission spectr'a were remarkably_ a;imilar
and_c;or»;stb_ant under different gases and pressures. Howclzver,A in
g:ach_ case there was a definite and measur.'ablc‘ shift to ‘t’r_xe longer
wa\.«'cleng.t_hs as the glbw-peak temperature was excécde’d, i.e., on
thev de‘scending part of the glow peak. This shift amou’n.t.ed;to'
about 20 nm.

The ‘p'ressure dependence of the glow-peak yield for adenine |
:may be seen in Fig. 8. In no .<':ase was a measurable thermo-
luminescence glow observed when the ambient pfeésgre was l.cs.s
- than 20 p. Hg. Wher.x dry nitrogex;l or oxygen gas or air was pr.esezét,
| -there Waé a xjema.rkable drop in thé glowv—peé.k‘yield ip_the .:"egion-

- 20 to 30p Hg. A simil‘ar drop occurred with hel;um at éomcw.‘nat
hi‘g.he'r‘ preséure. An .opt'imum gas pressurc ior therm‘olumihescence
was fohxxd. at ébout 100 hg'; at this point.‘vthc.yields were 5 times
_thoé‘e_ at;il atvnr‘i Nzi'and 1..‘:"> times those at I a£n1 OZI. At 1 atm
'pressuré, “the yJ-'.‘e.ld-s in oxygen were. éonsistehtly twice thse in
xxit;'ogen._ )

)

A similar pressure dependence was observed for the glow-peak
_yields in cytosine, except that the sharp drop occurred in the.

region 100 to 200 p Hg, and the dependence on oxygen and ;1itrogen

differed. . The cytosine pressure dependence as well as that of uracil
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and. thymlne may be seen in Fig:. 9. The latter substances
exhibited thé same glow-peak yields at all pressures. In a single
attempt to measure the guanine glow in 110 4 Hg of oxygen, none
was observed.

The adenine, uracil, and thymine glow-peak yields at 1 atm
pressure was found to roughly coincide with yields obtained from
cobalt-60 irradiation. However, with electrons, the cyctosine peak
was only 1/20 that with y rays. The giant 130°K c&tosine peak was
never observed following electron bombardment. |
DISCUSSION

A. Interpretation of the Thermoluminescence Data

1. The Problem

The principal value of glow-curve measurements is in the
study of trap depths. The problem that arises in interpeting glow
curves is therefore: after obtaining by experiment the temperature

T™ of the maximum glow, to derive from it the dépth'AU of the traps.

The glow-curve equation

- T,
L(T) ='no s exp(-AU/kT) exp {« gT —E— exp(-AU/kT')dT'A‘> (2)
o 1 o
reveals that AU is proportional to T*, but only for given values of
the frequency factor s and the heating rate 8. The frequency

factor is at the heart of the problem, and the remainder of this

section concerns its relation toT* and AU.
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By use of Eq. (2) the entire glow curve may be computed,
point by point, by numerical integration. However, such calcula-
tions are véfy_tiresome, so it is desirable to find AU. directiy

" from T™. Now, T* is determined by setting % = 0. This gives

AU AU
T C s T exp( - o) s . (3)

~in which AU jis deﬁnedv as an implicitvfunc'tion of T"I‘_. Equation (3)
ih_as b‘eev.nv svolv'evd By the 'techniqﬁe of successive app'ro;imation‘ fk?r
certain values of s/B, an.d tﬁe solutions hav.é been presented graph-
ically in Fig. 10, The full haturve of the pfoblenﬁ is revealed byv _
these graphs.‘ | |

| ZFOr éXan"iple,’ when adenine crystals are irradiated _atﬁ?_?K
.-a.pd.thén Wérmed at IOK)sec, a glow-peak is o.bs‘erv,ed at lZO_OK. o

It can be seen with the help of Fig. 10 that AU rha{y lie beti&een

.'0.70_7'and 032 eV, dependi.ng on the value of s _Selected. The s'a.rr.xe“ |
: figﬁ%e showbs’ithavt Zthere‘ is.:a_ strong depéhdehce of AU uéon s for
| _ The’ 'détérmination of AU without knowledge of s by use b_f

:'L,N nys éxp(-AU/kT),  1 - (4)
a v-s.implificati”o‘n_ of Eqv.' (2)".that 1s valid at iqw temperatures, - |
is eqﬁally 'Qﬁsé_tisfac'tory. For instaﬁc_':e, Sims (1962); uéing_

- Eq. (2), found that valu'e_s of s = 101%_and AU = 0.485vwere‘
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required in order to duplicate the 19SOK glow peak of KH, PO
. . 2" 74
crystals. Yet for the same peak, an Arrhenius plot of Eq. (4) gives
. 8 . |
AU = 0.30; this corresponds to s = 2X10 according to Fig. 10.

2. The Solution

The‘problcm is that Eq. (3) contains four variables, and only
two (B and T™) are known from a single glow-curve mcasurement.
A sccond independent observation of the relationship between s and
AU is therefore required if the equation is to be solved. Meceasuring

the phosphorescent decay at 774°K and using

P = s exp(-AU/KT) ' {

(G 3]

provides such an independent measurement. Determination of AU
lforv_ adenine 1s an example of this method.

When an adenine sample was allowed to remain 22 minutes in the
dark at 77°K prior to the glow measurement, therc was no appreci-
able attenuation of the glow peak yield. If there had been a slow
: bhosphorcscence during this time (X 1300 sec) at the expense.,of the
glow peak, then such a decay (of T < 1000 sec) would have been

evident by a reduction in the yield. Therefore for the 120°K

T770
adfenine peak is greater than 103 sec. This observation sets a
lower limit of 108 sec~! for s, and of 0.17 eV {for AU {or the
adenine glow.

The relationship between the phosphorescence decay times

3

T = 102, 107, 104, 105 sec) at 77°K and the dependence of various

U
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"g.lo.\-v;.pveak‘temperatures upoxi' 5  and ‘AU -is presented i_nv F;ig. 11,
| A _-cé.i‘éful _e.\'caminvation' of this plot is helpful in'thé,int’eréretatioﬁ o{.
the théfrnolu.mitjescence data:
3 The 'g,low—pveak .terﬁperature of 1OOOK must be associated
\Qvith.-a'fre-Quenc'y exceeding 3)(1010 sécm1 .in order-to have
. ',T7v7>v1.0vO“'s'éc.f - This no doubt is the princiéal reason that very
fcl:’wvv~glow peaks were obsverved vvat.T'*.< lb.OGK in this work: the
':-.vlbw-'te’mp.erature peaks decayed away in the 3- to *}-'r'ningté
- deldy _betweevn- i'rradiation_"and heatingi.
b. Foi‘ the sarhc; reason, the trap depths associated with
- vTS:‘<.100<‘>4mrust exceed 0. 16‘ léV ixbmithi»s. .wox;kv.
_c_ H‘iSEOne and.'protami'ne sulfate,. which were obs.crv«:dtof-j
have a 77°K phosphorescenceVZOO sec aftef irradiation and
 whose glow pégks are approx 115°K, may be'.pl'aced with
| sz 108 Sec_'li. and AU = 0. '16 eV.
od. For ail fhe.c;ther 'glow peaké; the trap@épths. may 'bé
vllmlted-to 0. O:> eV by using r1gs 10 and ll - For ins_‘cancer,b
' take the 105°K amlme peak. It';is .k.nowr; thavt«. v'r‘>‘v 163 sec,r.
other’wiSe a _mveas_u'reab'le 770K phosph;)_fé..sééncé wohlé ha;fe
.b'eén"recorded.. 'Th'eref.-ore irom Flg. 1.1,. s > 5X 10“:, sec'}

. and AU > 0 22 eV From Flg. 10 with s =1 sec” -1 {the

ma.mmmum concexvable value), AUma\ _ 0;2? eV. In this case,

.

&
*
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therciore, the limits on AU are_O.ZZ to 0.27 ¢V, andon s are
5%1011 and 1014 scc™!

¢. The paucity of glow peaks in organic powder samples of V
T* > 170°K remains to be explained. It is possible thut in these
substances trapping sites of depth > 0.30 eV are not present in
appreciable numbers. I{ such relatively high-temperature peaks
are found, it is likely tha; the T970 will be great--the order of
years or more.

\

3. Relation Between T and P.

In Sec III. B. 2 the strong 779K phosphorescence of ADP and
polyethylene was mentioned. When these substances were heated at

two different rates, the mean life of the phosphorescence -changed.

This is of course expected of temperature-dependent phosphorcscence:

during constant heating the exponential form remains, but L‘he "mean
life' shortens directly és the heating rate is increased.

It was in fact discovered that the para}neter s/B in Fig. 10 very
nearly equals 10 sT for every T* and AU as obtained from Fig. vll.

Sctting 10 sT = s/P gives the relation BT = 0.1. That is to say, for

B = 1%K/sec we have 7 = 0.1 sec. In thermoluminescence this is of

some interest in that when 3= 1, then at T  the mean life of the
emptying traps is about 0.1 sec. And of course when 5 = 0.1, then

T =1 sec at T*. This relationship gives a quantitative basis for the
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well-kx')own.plﬂeriom'eﬁdn of intensificatioﬁ-of glow-peak height

by means of increased heating rate.

4. ’:C;)mlpariso.n éf Ga?mxna-..axjci Elec_;t‘roz.l.—'lbnciuch Cfoxv';Pcal‘.'s
. Th>é.va‘de-i‘.xi'r1e ‘peak loc_aticéi,: yield, and émission spectrum re-
rﬁained ?emark.abl.ylcor‘xsta..nt under exéitétion 53: these different
modes. FHOWever’, there W_as wh‘eh cytosine was irradiated with
Velect‘rohvs ‘a.'suxv'px.',ising rec‘i.ucti;n. 1i.n.v yiéla,"'an,d the giah-t'glo‘w»peak
Cwas ab.senti,
In ho'cé'se dld the glow-—p?ak 'tempei‘atﬁre ve..\:<:.ee_ibdv'18001<, _ ;ihd
.Wit_h t_h'e.eXceptidri l.i‘stc‘d above, the glow curves for clectrons

resembled those for v rays. This implies that the elctrons behave:

" _similarly to cobalt-60 rays in their interaction with organic crystals..
> Y y g Y

~ 'Itis noteworthy that the strong electron béams were capablé neither

‘of grossly modifying the luminous centers nor of creating new ones,

: BJ.V ‘The Role of Gés.Pr'essure

1. The Dépendehce of Glow Yields Upon'das Pressure and Quality’
:,‘The. bcib_s;er.vati'ons' té be explained are:
a. The.thérmolﬁmi.n_escénce ‘of'éderiiné,’ cytq_siné, axjd guanine
__van_ishe.d at low gés ,pressur_eé (< 20__@1—1%;),' whllc that of
. _13 The .1_240<°K>'adenine pez}k shifte.é t;O' '1' _}OOK at low pressures,
. (aBouf- 100';';» Hg), a_nd:tcv) iiZoi{ w}iex; the am"bient gas was

oxygen at' 1 atm.

thymine and uracil remained unchanged tQ.'pressure's( 0.1 uw Hg.

~
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c. The thermoluminescence and 779K -phosphorescence

emission spectra coincided, although-there was a definite

but small shift to longer wavelengths as T  was exceeded.
d. The glow-peak emission did not change when nitrogen

gas was replaced by oxygen or helium.

Dependence of Fluorescence Yields Upon Gas Pressure and

Temperature

The observations to be explained are:

a. With the exception of Q.ytosine, the fluorescence yield at
room temperatvure roughly equalled the low-temperature glow-
peak yield. For cytosine, this holds'true if the y-ray glow
yield is used.

b. The 779K optimum {fluorescence yield (at 200 u Hg OZ) Was
roughly 100 times the glow yield except for uracil, for which

the factor was only 12.

Clues from the Emission Spectra

The measured emission spectrum for a given substance was

found to have the same shape under the different experimental

conditions. Remarkably, the wavelength peak was at cither one

of two positions,

a. At room temperature, and at 77°K under vacuum, the peak

locations coincided.. The emission peak under heavy-icn
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“irradiation also gencrally occupied this spectral position.
bt At 7;’7°K, under gas pressure exceeding 100 u Hg, the -

~emission spectrum was the same as that for the thermolumines-

cence (and the 77°K phosphorescence) .

Exciton Hypotheéis

The dependence of luminescence yields and emission spectra

upon temperature and local gas pressure requires an explanation.
- To meet this requirement the following hypothesis for the role of °
.~ gases in the radioluminescence of organic crystals is.advanced.

a. The ionizing radiation produces electronic excitations in

_ the crystals with energy packets of a few electron volts. Some

of these excitations are ''localized" below the conduction bands
and give up their energy to lattice vibrations. Another portion
has sufficient energy to enter the conduction bands and travel

to discrete molecular luminescence centers or to sites whére

b. The ambient gas penetrates into the crystal lattice, thercby

. increasing the characteristic'lattice vibration frequency, and

changing the potential-energy states 0f the luminescence centers.

c. Atlow temperature, the excitons formed beléw the conduc-
’ tion band have a greatly reduced probability for vibrational

‘energy loss. . They therefore are effectively trapped, although
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they do not necessarily remain at one location.

d. The. heat applied in thermoluminescence scrves as the
activation enthalpy for th;': diffusion (releasc) of the trapped
excitons. This enthalpy is slightly decreased (0.04 ¢V) by
the lhocal presence of gas molecules.
e. The major effect of the gas, however, is the perturbation
of the potential-energy states of the luminescence centers,
One of the many possible perturbations that is consistent with
the observations is given m Fig. 12. In excited state 1, the
* probability for nonradiative transitions via CC!' is grcat. This
probability is reduced in favor of a radiative loss in state 2.
Also, in accordance with measurement, the emission peak

frequency DD’ is slightly greater than that {or BB'.

5. Implications of Exciton Hypothesis

It must be emphasized that this model is simply an interpretation
and that there is no compelling evidence for it. None the less the
hypothesis usefully predicts the following things:

a. Increased conductivity at T™.

b. Indifference of the molecular emitter to the type of gas

present,

c. Reduced molecular deactivation yield (broken chemical

bonds, etc.) at low temperature when gas is present,

-
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d. - Thermoluminescence potentiated after irradiation
“in vacuo by a penetrating-gas.. -
e.  Bimolecular reaction kinetics.

C. Comparison of Measurements

No energy yields for thermoluminescence of organic compounds

o . . -4 ) S

have been reported; that for LiF was less than 10 (Daniels et al., 1953).
o Hcrc it was ‘also found that in general the low-te.m'pei'at.&rve'glows had
yields less than 10 . However, the yields of crystalline powders of

S . ' . i A=3
adenine and cytosine were 1 to 2X10

There was confirmation of the
vevarl'i‘vc‘er é:b's'eryations that organic conjugated ring xﬁolci:c;:ul'es' have yieldé :
lOOO tlmcsas great as oﬁimr moidculaf t.yp’,es, ‘that thc_glow peall{slof
simillzvs.r-vc‘okr%ipounds differ m width, location, and .intvensit'.y,'b d.nd vthe
glowpeakb occur generally‘ below l70°IK,‘ .c‘"mdv that .the emission spectra
are bell- shaped and about 100 am broad.
Duribng' thé'rmoiumines.cen-ce bc“f single crysﬂt’alst' Of"f;hev11)}'g1'Q$¢01?iC_'

: svubsta'x;césr pher_\ol and KF, a series of sharp‘< l—s;ec spil’ve's was

v' rgéc’;rded instead of the normé.l glowv-:;it low tempérvavtu‘res‘. ' Sharmav‘(l‘C)S_é)
‘Va.nd Sin.'js.v("'l.v.962)r have. reported 51m11ar phenqmgﬁ;. The latter author .

' belivey;es‘.,tlhve'sbei'spikes .are a.'f:o_z;x"n. of trib.olrumin'.esc_ence.v
. The fl{_\;oresce'nce“ enervgy yields_undef éiectroﬁ bombardment at
© certain 'loc_al gaslpreésu%es and tem.pe_féturjés. e>§c_eed_ed 10% for

~ adenine, but generally stood in the reg’ibn 0.1 to 5. 0%. Th'esc_v'yie'lds

"\f..')
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arc comparable to those observed in organic solid and liquid scintillators.

The discovery that organic thermoluminescence may be strongly

influenced by the local gas pressure has been vindependently co‘nfirmcd
by mecasurements using tyrosine and certain other substances (Cuarter,
1962). The reproducibility extremes for the glow yield of a given
chemical batch were found to be about 250%.

Optical de-excitation of irradiated material at 77°K was found (in
agrecment with the data of Bryant et al,, 1959) to be inefficient at
wavelengths exceeding 2 p. Largé exposures with an infrarced lamp
did not' reduce the glow yield by more than the normal 250% fluctua-
tions.

.The exciton hypothesis fnay be compared to a model proposed by
Voevodskii and Molin (1962), which predicts a reciprocal relation
betwe‘en the radiolytic yield of H atoms and luminescence yield; Brieily,
their model attempts to expléin the low yiclds for the organic compounds
that poss'ess‘resonance ;st_ability. The& feel that the energy position of
the lowest excited state is ¢ritical. I.fﬂt‘his exceeds the dissociation
energy for the C-H bqnd, then the probability for bond rupture is high.
AIf it does not, thén radiative de-excitation becomes more probable.,

The éxciton hypothesis has no provision for bond rupture once the .

exciton has reached the luminescence center. The only nonradiative

decay mode from the lowest excited state envisaged in the configuration
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"’c'o'érdina'tc model is vibration exchan_ge: However, it is a.simple -

- _x;nz'itter;_td add a thi;d péténtial surface' (to Fig. .712.)» rep’r»esént.ing

a borivc)i.—rupturé' decjay-mode. ‘In suéh a figvu‘rcl all threc pbssiblc

:xnodes ‘would then ’be-picturéd, and fhe probabilities for caéh» would
-dép_end_ upon the relative positions of the:poteﬁtial surfaces as
’v-dc_:t(‘:rmihéd_by local configuration and -t'he li.q'uid and gas 'venvjlro'nment.‘
_Suc}:} a tripotent’iaﬂ f'igu're,v However, will be fz.xthcévr- difﬁcﬁlt to plrecisely
cogst:ru:c‘tv'fo‘:x:' a given substance.

'Ir‘vhere’:isi a recent observationlihat supports the basic'fé_atu're of the
exciton hypothésia;. B.rocklehurst él*.d .Pim.entél (1.962)> z;_ecorc.ield glo\;.»
peéks’ ath, 14. 5, and 19°K when solid .not_rog‘é‘ﬁi had vbeenvilxira..diavfed

“wi_th c_iéctfdns at 4.29K. In this case it is dif-fviéurlt to con:_c_eiv'e of the

 diffusion of ainything except excitons upon thermal release.

D _i Futu1 er Investigations
.;ZSfe‘vei‘a‘l" future biéph)fsic_;é i.nvestigatvion.&‘; by uae o‘f‘lum.inésccnce
. ‘tech'x_x_ic.iuei sgggesf themselves:

(a) . Yeas't;vccl:lls 'quick-frozeﬂ in s_olution:é cor;ta.ining ;3-—Mcr2:a§to~
e.t'hyv.larhi.n.c.z (I\;/IFEA) px;'dyide a-simple -si‘yst.ém. fo;v‘v: rédiétion pfotec:ti011
:S£i1die_s' (S}malief and Ayery, v1.959). - Thése éuthofs observed that
__w_henf;-this system was ii"radia-ted at 779K a;i:éi_then.. bwarme'd, at 125°K.

" the. w'a't'vérr"rvadicvalé *;/a;xl'i.éhed withﬁ;ut’ 1nteractlon vwith.the -Yeé.st and
MEA r_a.cvl.icals'.i It':will.bg of inte'x"'est:to"detei;_'rriiz}e i,fith’is .dis.appc'zaréncev

F

.-
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'

is assoclated with luminescence, and is unique {or icc at this tempera-
. O 3 . . :
ture; 125°K is near T  for the strongest thermoluminescence in organic

crystals.

(b} The study of single organic crystals under various environ-

mental conditions in order to obtain dark-, photo-, and radioconductivity

data for correlation with luminescence.

(c) The study of the na‘.ture of the initial excitation bcncrgy of
organic crystals by extending measurements into the 4-77°K rcgion.

(d) The work of Vladimirov (1(961) and of ZadorozhnVi and Naboilkin
(1‘}60) has suggested that hydrogen bonds may be of importance in
luminescence phenomena. )

{e) The examination of luminescence decay of organic crystals .
by use of fast-pulse electronics. Knowledge of the fluorescence decay
Kinctics will allow greater understanding of this mode of electronic
de-excitation.

({) The testing by luminescence ana-lysis of crystals grown under
conditions whereby gases and other impurities have been vigorously
excluded.

(g) Further studies designed to determine the necessary conditions

for change in the relative heat, luminescence, and chemical yields.
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V. SUMMARY AND _c_oi\TCLUS_IONs
_O‘vr'g;'é.xnic (lzjix;_,yvstalli'ne éoivdc.zx.'s: have bégi\ cxnosc.d to High-cncrgy

..radia;tiorﬁs vax;d examined by I;Jminescéx)ce .analysi's. Itvwas qbsc;rved

ﬁhat tempe_bra.tixre,va"x;xd gasv.pressure have prpfOuxid (,f,cct upon lrun«._incs:—
C'encevyields__'_.: The fluorescence energy yields un@cr ;:crtain c.on»ditioﬁs a
‘may rlse t>o. 13%, the ?hosphorésc”ence arvldv'lc.n{/-’témperature'thermol“u-b
‘minescence yi'elds may.vri'se to 0. O‘l'o.f t'his. ;I.“n'e emission spc'ctr.a

’ L'mdex’* var'iéus conditions and.’exciﬁation rhodés were found tjo i;e bell-
“vshape_d in the region 350-55.0 nm and 100 nm wide. ‘The activation
enthalpies for tAAermolunaixxeséenCe élows havé been examined in detail
and a”new mbéthodbfér_"th.e’ir dezcrmizﬂatiorﬁ, .‘bavsed on_lumin_escencye lecay !
‘at 77°K, _:h’as l.séen. used. A rather broad conycv:_eptualvmo‘del f_o-r the inters.
pre't‘ationvo'f tﬁe observa.tions——‘-the ex-citofm i‘xyp'étheéis—-bas been
. ad'bvanvced.» ‘

It is 'argu({:.d' that liuminescencé is one o‘f;'th.e three fundamental
- de—e:\cnauon moaes in"i'.adiatio.n biology, that there is justi{ication for
lana;lo’gyrbb_etwcva_‘érivthe_ elecjtron‘ic states 'vof. éqndgné,ed systems ih_l-ivivn.g
‘cells 'a;nd. thbsé in_r'x-a.olecul'ar crysi:als,_“-and;t‘hat lﬁxﬁineécencé a}"xaly_'SiS :

‘may stand with electron spin resonance as a new window'through which

unique aspects of radiation biology may be studied. S S LT
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Table L. Ti:‘crmolummcsccncc of various gamma-irradiated chemicabs (coas.)
»Chc;n*.ica‘l ’ Heating rate Tl}(‘K) ‘Duration  Yiela»10-6 Comments - o Sigma Chemical
: : (*K/m) : (sec) : :
p-DPN 12 s 135 o ,
4-DPN 70 132 . a2 w2 e o
; p-DPNH 70 83 e 0.56 ' ' $21B023
Ether, anhyd. . fTO 93 H el \I, ] . lesser pc:;}:s 50, 100%,
{70 135 12 2.8 1590°; twu peaks
. Glycine 36 77-150 150 0.032
Guunine Y 10624 25%06 10: . pk. 510 x‘.m‘:'L.\';r
iliston¢ -calf x'nyx.hus' CT70 113 50 14, LNp ‘ ) RES V) BIRVIN
Lecithin - 70 77-160 70 0.28 2o120i-s1
Linolcic acid 54 100 50 Ly witite 183°K - v
N 54 102 P w50 xs nin0°,
Naphthalene L5 132 22 22, ;' 202K, two peaks -
_ Phenantarence 70 162-225 1:0 ~1600
i Phenol (singlc.crystalv). 34 - 100-230 150 . ? about 100 shar;ﬁ spiacs
L 70 Higks 3123 400 "\ 1 Np: transparent sheet;
Polyc:hyvlenc {TO 1535 24=3 105 ) .—’.\\'0' ;)caksf ’
Prowamine -SO\‘; 30 »77-} 50 60 I.6 LNp {salmine)
‘Pyrimidine 70 .103 45 i.2 long tail. ST Cal Bio, Bas!
Sucrose 54 120 " 30 1.2 LNp; lessar peaks at '
- , _ - _ . 150, 220°
Csucrese . 470 gs R 0.0080°  sut sol'n _
- Sucrose - 7077 108 3000 1 hot syrup cooled in air
Thymine’ . 70 . 103 22 . 30 tail to 265°K T818-267
Toluenc, : v 1o 60 160 \> two peaks
7 153 18 20 |
e {70 120 35 36 \ ' resembles thymine
Uracil ﬁ_, : . zlow; two peaks .
: 70 160 54 28 ) LA ;
“Tav water . o 174 60 0.0040 - required 107 rad-exp.
a 60 ,

;% Exposures at 93 rad/scc to Co®Y y rays. Exposure range 0.3 1o 50 krad. =~

. Sag?plcs scaled at ] :'\tn'{air_. _Zl"C, 40 10 60% RH.

b : S . s . ) f e et s
Parily engulfed in a temperature-independent phosphorescence of 41X this yicld.

e
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Table II. Luminescence of certain chemicals during
heavy-ion irradiation. @

Chemical

Adenine
Adenine

Adenine
ATP

ATP

Cytosine

Cytosine
DNA

Guanine
CGuanine

Sucrose
Thymine
Thymine
Uracil

Uracil

Temp. Yield® : Spectrum®
{(° K) . (X10t6) (nm)
77 . 17. 505-525-562%
77 1.2 425-470-525
295 55. 465-522-575
77 8.0 393\445,530
295 8.0 396-460-5504
77 18, 452-504-556
295 - 33, 465-505-555
295 - 3.4 465-525-585
. ~410«
7 . 8.8 3607C,,>585
295 5.0 36002 50585
295 3.2 405-463-545
77 28. 315-350-470d
295 23, 315-354-440%
77 24. 440-511-576
295 - 1s. 435-500-572

® The first entry was irradiated with 120-MeV C
intensity--all others with 160-MeV O

ions at 43 mW

6 ions at 33 to 95 mW. All

samples irradiated at residual air pressure of 1 to 5p Hg.

b ‘Ratio of mW of measured light energy emitted to mW of heavy-ion

energy put into the surface of the 1-g chemical pellets.

against E-L disk standard spectrum, 465-500-535 nm. |

Wavelength at peak 1nten31ty--and that on each side of peak at half

intensity.

d Spectrum tail to 680 nm.

Not corrected
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Luminescence of certain chemicals during
5-MeV electron irradiation.

Chemical Té:‘hp("Kf). Gas pressure

Yield(x103) Spectrum (nm)

Adeninve"‘,-r,."' T

s ~Adenine

- Adenine

' Ad'enimé
Adenine

Adenine

Adenine
© Adenine

’C})tosin‘e »

Cytosine " . .b
- Cytosine

| vato‘_‘siheu o

. . -Cytosine

Cytosine. -

-+, Cytosine
" Guanine - .-
-“.':.Guanine'v' et

-0 -Guanine

Uracil. "

. :U"racil

' FYU.re'xcil

v.Ura'ci_l

280

R A

77

T

7T

. 220

245

283

286
286
77
a7
80

- 100-125.°
o290
290

290
T & S

17

77"

77

290

_»"3‘00 p Hg O

- 25 4 Hg O

<1 Hg air

 5 u Hg Ozv

2

2

25 pHg OZ

<1 @ Hg air
26 u Hg air

110 p Hg O

200 p Hg OZ
l atm 02
130 p Hg O2

"3 u Hg air

110 ¢ Hg N,

- v,'l atm NZ

- 10 B Hg air - K
. ":1 10 e I—Ig«O2
o 30 ¥'Hg O
Guanine 275 S
f ’Thynune£7fJ 5i 77

‘Thymine. . © =294

1 atm C)‘2

1 50 p Hg]OZV‘: ‘
16 p Hg air

<luHgair'

200w HEO, o

'”',"v2'00‘p.' Hg N, R
<1 g Hg air -

L
<l p Hg air

2..

. 5.

80:

130.

o

0.16

O = O B O NNV DM v W

8

.62

.80
40
80

13

017

0.09

szl
$70.032°

. e .

.008

435

438

470

400

490-520-590
~475~_ o
~5007
4754
~500°
480-530-580
490-540-580
495-535.580

490-535-593

550

- 485-525-615

450-500-555
425-480-535

450-480-532
 447-480-537
495-520-560

,\’500;54'5
5207

. 475-510-545
© . 462-510-565

' 460-507-560
-- 325 -< .

-= 500 --

| 430-460-535
L a- 480 --
'i  41d;450-52o

 415-460-515
. 395-440-520

/440\5

5207

60

550




Table IV. Thermoluminescence of electron-irradiated chcmicalsa

Chemical .Hecating Gas pressure Peak Duration YiclXmO+6 Spcctrum (nm)b Comments

rate : - tempcrature (scc)
(°K/m) . T*(°K)
Adenine 44 1 atm N, 124 38 1200 none No DU
' 44 : 1 atm ,02 o 112 30 2400 440-490-550 '

55 ! atm He 120 33 1200 440-490-550
55 <100 i, any gas - 140 45 Sce Fig. 15 440-490-550

ATP 44 30 pair - 0 0.24 max.  nonc ' NoDU

Cytosine 55 all conditions 1777 95 See Fig. 16 445-490-545

Guanine 55 110 1 O, -- 0 16. -- 500 --

Thymine 55 220 p O2 ‘ 121 91 32. 430-460-530

o 55 - <220 N2 11042 72 25. 430-460-530
Uracil - 55 all conditions 13946 10110 100, 425-465-525

2 Dose rates varied, but were necar 3300 rad/scc

Peak wavclength, and wavelength at half maximum on each side, at T,

19601-TYON
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| FIGURES :

Sample holder for gamma_ 1rramat10ns

}_Detazls of base. asscmbly

Cooper cup, blackencd by "Ebonal ch process.
I‘hermocouple lecads--and junction.

_Stainle.s s steel.

.. Teflon gasket.
.+ Pressed wood pl‘astié
Copper conbtantan thermocouole Jacka,

VTa

et sample holder
c;rolu‘mine'scent disk and acee$sozj_}r -tlzbe.'
‘c'.tx;al-re'spons'e of detectors.
RCA 1P28, S-5 response.
TS

Total" DU and S-5 response.

DU re sponse_.

- light stavndard

.Ol

fe,

’ Thc, low temperature 010w pcak ylelds
(Starreq values from Augenstmc et d.].., (1900))

”Glo

w ‘and phosphorescence dccay at 430 poHg: NZ

v;_(Adc,nlne pellet 1 g 7><lO4 rad 5- MeV elechonb ) -

Thermolumlnescence yleld of adenme at low gas prcssure -

oxygen e A nltrocen

rairv-"‘: ' A hellum-z':"

:] blank lun (no a.denme)

_ Thermolumlnescence of uracﬂ.

- gas

10,

0

pres;ures..‘?

air' A mtronen o oxyoen

Solutlons of the alow peak equatlon (3).

1 B

Emission spectrum of electroluminescent disk -

p L,bbl..l (.,.»

thyx-’ni'ne;' a'n_d cytosine at low

V2



il

12,

-45- UCRL-10961

Solutions of the phosphorescence equation ( 3) .
sec dashed curves for 7= 0.1 sec.

sce solid curves for T = 77° K.

Hypothetical coordinate shift.

1. Position of excited state in pure crystal.
2. Position when gas molecules have entered the

crystal.
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ZN-3674

Fig, 1.
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Fig, 3,
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TSN

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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