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Stopping Power and Luminescent-Response Calculation for
Channeling in NaI(T1) and CsI(T1)*
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Stopping powers of the most prominent axial channels in NaI(Tl) and CsI(Tl) are calculated for well-

channeled ions (He~Ne'0) over the velocity range E/A = 1-10MeV/amu. An electron-gas model is applied
to a treatment of the excitation of valence electrons, and an additional term is constructed which accounts
for core-electron excitation. Nonparticipating electrons are excluded by application of an adiabaticity
criterion. The channel-stopping powers that result are typically 20-25% of those characteristic of random
incidence, indicating a relatively pronounced channeling effect for the alkali iodides. The calculated curves
are combined with appropriate scintillation-efficiency data (dI/dE versus dE/dx) corresponding to bom-
bardment of NaI(Tl) and CsI(T1) scintillation counters, in order to obtain a prediction of the luminescent
response (L, versus E) to the channeled particles, and thus to account quantitatively for a reported
anisotropy in the scintillation spectra. Higher than normal scintillation efficiency is predicted for the
channeled particles, indicating that the crystal channels in NaI(Tl) and CsI(Tl) are axes preferential
for luminescence. This effect may be explained qualitatively by reduced ionization density for channeled

particles, which favors radiative recombination of electrons and holes at Tl+ sites over competing non-

radiative recombination. .

I. Dl TRODUCTrOm

l 1HE pulse-height characteristics of NaI(T1)' and..CsI(T1) ' scintillation counters, under energetic
heavy-ion bombardment, have been studied in detail at
Yale University. During the course of these and sub-

sequent investigations, ' observations were made that
indicate a crystal-orientation dependence in the lumi-

nescent response of the counters. A precise experi-
mental account of this anisotropy has not, as yet,
been reported. A theoretical account is given in the
present paper. The observed anisotropy can be ex-

plained qualitatively in terms of the chmwelieg phe-
nomenon; an eBect that manifests itself in anomalously
low stopping powers (dE/dot) of crystalline media
for the slowing down of charged particles incident in
major symmetry directions. Channeling is well estab-
lished experimentally for both low" and high~~
velocities, and has been accounted for theoretically
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by Lindhard. ""The relation between channeling and
the observed luminescent-response anisotropy derives
from the relatively low stopping power characteristic
of the channel trajectory, and the manner in which

stopping po~er determines the luminescence. The
latter is exhibited by the Yale scintillation-dFiciency
curves of Fig. 1, which illustrate the dependence on
stopping power of the scintillation e%ciency, dl/dE,
corresponding to bombardment of NaI(TI)' and
CsI(T1)' with a given. set of heavy ions. These curves
were obtained from a combination of luminescent-

response data, I versus E, and corresponding semi-

empirical stopping-power curves (dE/dot versus E)
constructed to represent the speci6c energy loss of
randomly incident heavy ions. The curves of Fig. 1
clearly indicate, for each case, a marked reduction
in scintillation e%ciency at relatively high stopping
powers. In view of this behavior, and upon consid-
eration of the anomalously low stopping power char-
acteristic of the channel trajectory, it would appear
to follow that a particle channeled in either of these
phosphors produces light more efficiently than one
randomly incident, and consequently induces a, brighter
response when the ion is completely stopped in the
crystal. It is therefore postulated that the crystal
channels in NaI(T1) and CsI(T1) are directions pref-
erential for luminescence. "

The object of the present investigation is to treat
theoretically the interactions between well-channeled
particles and the constituents of thick NaI(T1) and
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STOPPING POWER IN Na(TJ) AND Cs(Tl)

CsI(T1) single crystals, for the purpose of obtaining
a prediction of the luminescent response to the chan-
neled particles, and thus a quantitative account of
its anisotropy. The particles treated are those cor-
responding to the Vale scintillation-eKciency data, ''
namely He' SM 8" C" N" 0" F" and Ne"
with energies E/A = 1—10 Mev/amu. The method
used amounts to a reversal of the data-reductien
procedure employed by the Yale group, and con-
sequently involves the construction of channel stop-
ping-power curves. The present treatment is limited
to the case of axial channeling, and, concerns only
the best channeled particles, i.e., those particles that
experience the smallest dE/dx Trajec. tories of such
particles are approximated to lie directly along the
channel axes. The stopping-power calculation and
the luminescent response predictions are treated in
Secs. II and III, respectively. In Sec. IV a qualitative
model for the reduction of dJ./dE at high dE/dx
and suggestions for further investigation are con-
sldeled.
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Fxo. 1. Experimental scintillation eKciency as a function of
speci6c energy loss for NaX(T1) (Ref. 1) and for CsI(Tl) (Ref. 2).
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II. CHANNELING AND STOPPING-POWER
CONSIDERATIONS

General Assumytions

All channeling and stopping-power considerations
are made without regard to the thallium impurities.
This is justifiable in terms of the low thallium con-
centrations of interest (typically 0.13 mole Pii), ' ' and
the substitutional nature of the doping. "Furthermore,
all calculations are performed assuming a perfectly
static lattice. This seems reasonable in light of recent
indications that both the criteria for channeling'0 and
the maximum range for best channeled particles'~ are
highly insensitive to lattice temperature.

FIG. 2. Projection {a) and schematic representation
(b) of the (100) axial channel in NaI.

Channel Menti5cation

The most prominent axial channels lie between the
most dense rows of atoms and, by inspection of the
NaI and CsI crystal structures, are taken to be de-
fined by the NaI(100), NaI(110), CsI(111), and
CsI(100) axes. This identification is made without
regard to the distinction between anions and cations.
Such a distinction would be expected to aGect the
6ner details of a channel trajectory, but not the
identity of the channels themselves. A view of the
NaI(100) axial channel is shown in Fig. 2.

Aeeeytance Angles

Insight regarding the stopping powers to be ex-
pected of the various channels can be gained from
a comparison of the respective angles of acceptance,
or maximum allowed incidence angles for channeling,
with measured acceptance angles for other cases,
namely, for proton channeling in silicon and germa-
nium. " The NaI and CsI acceptance angles were
calculated in accordance with existing channeling
heory'3i4'8 generalized suKciently to take into ac-

count the diatomic nature of the crystals. In partic-
ular, two channel types are encountered in the present
application. One type is hounded by monatomic rows
of both ionic species present in the crystal. For such
channels, the acceptable angle is calculated from the
lower of the two barrier potentials, where the latter
are evaluated according to the methods of Ref. i8.
The other type is bounded by identical rows with
alternating ions. In these cases, the barrier potential
used to calculate the acceptance angle is the string
potential evaluated at the larger Thomas-Fermi radius,
and is a sum of contributions from the two species

"C, Erginsoy, Phys. Rev. Letters 15, 360 (1965).
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TABLE I. Acceptance angles for the most prominent
axial channels in NaI and CsI.

tions. The resulting stopping power for incident par-
ticles of charge Z;e and velocity v is given by

Crystal
I

Channel
Acceptance angle&

(deg)
dE 4Irz,se' 2rln k. )X Z, ln „ +Z... ln

'
i, (1)

dx me' 5k,
'

ops e

&100&

(110)

&111&

(100)

0 633(Z /E)'"
0 387(Z iE)'

0.922 (Z;/E) '12

0.849(Z;/E) '+

"Energy B is in units of MeV.

of ions. Details of these calculations are presented
elsewhere. " The results are displayed in Table I, in
terms of the atomic number Z; and energy E of the
incident particle. Upon comparison one 6nds that the
alkali-iodide channels have considerably larger accept-
ance angles than do comparable channels in silicon
and germanium: for example, the acceptance angles
of the alkali iodides for channeling of a 5-MeV proton
range up to 0.413 d,eg, in comparison with a value
of 0.2 deg for the silicon (110) axis, the latter having
been measured by Appleton et al." and calculated
from the same relation as was employed in the present
work. The comparative openness of the alkali-iodide
channels leads one to anticipate relatively pronounced
channeling eGects, in particular, a relatively large
reduction in the stopping power from that character-
istic of random incidence. In silicon, the major axial
channels correspond to a stopping power reduction

by a factor of approximately»" while in germanium
the reduction factor has been observed to exceed -', .""
Larger reductions are anticipated for NaI and CsI.

Stopping Power Model

The alkali-iodide stopping powers for the various
particle-channel combinations are obtained by appeal
to the treatment of Appleton, Erginsoy, and Gibson, "
in which an evaluation is made of the stopping power
of thin, silicon single crystals for best-channeled, MeV-

energy protons. With particle trajectories in the silicon

crystals approximated to lie along the various channel
axes (or mid-planes in cases of planar channeling),
and upon application of an adiabaticity criterion, it
was established that for the most open channels

a proton of energy less than 3 MeV is capable of
exciting only the valence electrons. It was then as-

sumed. that the exd tuble valence electrons respond
to the incident particles in the manner of a free-
electron gas. The stopping power of an electron gas
was partitioned, according to the theory of Sohm
and Pines, '0 into contributions due to individual-
electron excitations and collective (plasma) excita-

where N is the number of atoms per unit volume,
and where SZi~ and EZ~,i are eGective densities
for one-electron excitations and plasma excitations,
respectively. The former is identified with the total
electron density on the channel axis, and the latter
with the average density of valence electrons in the
solid. The quantity M, is the Bohm-Pines critical
momentum transfer that determines the cutofF be-
tween individual and plasma excitations. It magnitude
is on the order of h&asjsI, where res and es arc, re-

spectively, the classical plasma frequency and Fermi
velocity of the valence-electron gas. In general, the
local and valence-electron-gas densities, SZi.. and
SZ,i, are not equal. Thus, in a sense the crystal
is treated as an inhomogeneous electron gas. This
model provides excellent agreement with the above
referenced channeling data, for MeV-energy protons
penetrating through thin silicon crystals.

The inhomogeneous-electron-gas model is adapted
to a treatment of the present problem in the follow-

ing manner: First, a velocity-dependent

effective

charge Z,*(e)e is introduced into Eq. (1) in place
of the bare nuclear charge Z;e. In this manner the
slowing down of particles in thick targets can be
treated, with a major aspect of the electron-capture
processes taken into account. Second, Eq. (1) is
amended by an explicit core-excitation term which

takes into account the stopping-power contribution
due to the excitation of inner-shell electrons. Such
electrons cannot justihably be treated in an electron-

gas approximation, and their presence cannot be
disregarded in light of the relatively high charge of
the incident particles. Finally, the stopping-power
parameters of Eq. (1) are evaluated for the cases
of interest. These three aspects of the calculation
are treated in the following paragraphs.

E8'ective Charge

Standard theoretical treatments applicable to amor-

phous media ""and to the free-electron gas,"indicate
that stopping powers for energetic particles of charge
Z,e and velocity e ta,ke the form

—(dEjdx) ~ (Z,sss/ss) 1.(s), (2)

where 1.(s) contains the dependence on the electronic
properties of the medium. To the extent that 1.(s)
ls dependent Osl3I oil the tal'gct medium (as well

as on s) it follows that a ratio of stopping powers
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for two dlBcrcnt pRrtlclcs, evaluated fol R given
medium Rnd at R given vcloclty 52 ls cQtlrcly inde-
pendent of the properties of the medium. The varia-
tion of such a ratio with velocity is then attributed
to a variation in the charges of the incident particles.
A velocity-dependent effective charge Z;*(s)e can be
de6ned Rs

(Z;*)'=( dE/—dx);/( dE/—dx) s„4, , (3)

where the stopping powers are obtained at velocities
high enough so that R proton is stripped of Rll elec-
tronic charge. Roll and Steigcrt" used this de6nition
to generate c8cctivc-charge data from stopping-power
mcasurcmeQts on R sct of hcRvy lons lncldcnt oD
vRrlous sohd Rnd gRscous media. TyplcRl cI.RtR Rl c
displayed in Fig. 3, and are seen to be fit reasonably
well by the function

Z;*=Z,L1—exp( —%TF)$, (4)

where @TED is the Thomas-Fermi velocity of the inci-
dent particle, given by

sTp = (c/13/) Zsfs.

This expression is used throughout the calculation to
represent the charge of the incident particles.

Coxe Excitations

Tightly bound cole electrons are assumed to be
excited by Ineans of independent, two-body encoun-
ters, for which the corresponding energy transfers
are obtained classically. The latter can be justi6ed
in terms of the highly localized nature of the incident-
particle wave packets, and the rather well-de6ned
c1),aracter of the momentum transfers. " The classical

TsaI,E II, Energies of transitions to the lowest conduction
l3and ln NaI and. CSI.

Electron Electron
CsI

& (Sp)
I-(5s)
Na+(2p)
I-(N)
Na+(2s)
I-(4P)
I-(4s)
I (M)
Na+(1s)

5.90
14.9
33.3
56.4
61.1

130
172
639

1059

I (sp)
Cs+(Sp)
I (5s)
Cs+(Sr)
I-(m)
Cs+(4d')
I-(4p)
Cs+(4p)
I (4s)
Cs+(4s)
I (Bd)
Cs+(Sd)

5.7'8

13.1
14.8
24.9
56.3
83.1'

129
165
171
211
638
'f47

stopping-power treatment of Bohr" proves readily
RdRptRblc to thc CRsc of coI'c cxcltRtloQ foI' chRD-

nelcd particles, and leads to the expression

dE-" 4w(Z;*)'e4 (b );F ~c;ln
dg ~y2

where c; is the number of electrons in the jth elec-
tronic subshell of a target atom, (b ); is the maxi-
mum impact parameter for a particle-core-electron
encounter, and the channel radius b plays the role
of thc minimum-impact paraInctcr ln Bohl s cxpI'cssloD.
Tllc qualltlty (b~~) I ls determined by Rll Rdlabatlclty
clltcI'ion clcscllbcd by Bohm, and tRkcs thc foI'Dl

(&- )'~ (Z''&)"'/~', (7)

in which AE; is thc energy of transition from the jth
subshell to the lowest unoccupied level. Upon in-
clusion of thc Rbovc coI'c-cxcltatlon tcl m2 thc totRI
stopping power becomes

dE 4n. (Z;*)'e4 2twv k,

+ Z .l
'

I (g)
hE;

where P is a constant containing the channel radius b,
and v is a reference velocity corresponding to E/A =
10 MCV/amu (the maximum velocity considered in
the present work). When the above expression is
Rppllcd to thc alkali"Iodldc channcls2 E ls taken Rs
the number of anion-cation pairs pcr unit, volume,
and thc cGcctlvc valcnclcs Z100 and Z~@,l Rrc rcfcr"
cnccd to Rn 10D pai.

The transition energies required for an evaluation
of the core-cxcitation term are obtained by asso-
ciating Hartree-Fock-Slatcr free-ion cigenvalucs'~ with

0--
0
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FIG. 3. Fractional eBective charge for 8uorine and- nitrogen
Lo:lls Ln varLoUS Ixledla as a fQnctLon of the ratio of the Lon velocLtg
to the corresponding Thomas-Fermi velocity (Ref 24). The.
solid curve represents the expression L1-exp (-sjsrv) g.
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thc electronic shells of NR+, Cs+1 Rnd I, correcting
for the Madelung energies of the NaI and CsI crystal
structures, '-8 Rnd referencing the resulting crystal en-
cI'glcs to Rppx'opI'late condUctlon lcvcls cstabllshcd by
means of the empirical Hilsch-Pohl relation. " Implicit
in this construction is the neglect of the alkali-iodide
bandwidths in comparison with the intcrband gaps.
This is a reasonable approximation, particularly when
applied to the core electrons. Resulting transition
energies for the valence shells and for the outer few
core shells of NaI and CsI are listed in Table II.

Stoyynlg-Poorer Parameters

To implement the stopping-power expression of
Zq. (8) ollc IIlllst clRsslfy thc electronic sta'tcs of tile
solid into two categories: the tightly bound or core
states, Rnd the weakly bound or valence-gas states.
Electrons in the latter states respood to an incident
particle in R manner approximately characteristic of
R fl cc-clcctI'oQ gRs. There RI'c stx'oQg lndlcatlonsq of
both an experimentapo and theoreticaP' nature, that
even for highly ionic crystals such states do indeed
exist. However, thclI' identi6cation ln NRI Rnd CsI
is at present a matter of corjecturc. The outermost
anion shells PI (Sp)1 of both crystals arc immediately
RssoclRtcd with thc 1cspcctlvc valence gases. Fol" thc
idcntihcation of the remaining plasma states, appeal
is made to rather simple considerations regarding the
relative binding energies of the various electronic
shells, as given in Table II, and their relative degrees
of locallzatlon. It Is concluded tllRt thc I (Ss) Rnd

I (5p) sllclls colllpllsc tllc valcllcc gRs lll NRI (with
Z~, I

——8), while these together with the Cs+(Ss) and
Cs+(Sp) shells constitute the valence gas in CsI
(with Z, l

——16). All remaining states are regarded
as core states.

Values for the remaining electron-gas parameters
in Eq. (8), with the exception of EZI„, follow directly
from the identihcations made above. The local elec-
tron density for each channel is determined as follows:
Thomas-Fermi-Dirac distributions for the electronic

"C. Kittel, Iatrodlskiott to Sots)t Stats I'hyssss (John Wiley lit

Sons, Inc. , ¹vrYork, 1967)."R. 8. Knox, in SOHd S/ate Physk s edited by F. Seitz and D.
Turnbull (Academic Press Inc. , Neer York, 1963), Suppl. S.

31 C. Horie, Progr. Theoret. Phys. (Kyoto) 21, 113 (1958).

charge density of the clystal ions Na+, Cs+, and I
are obtained, ""and used to represent the ions com-
prising the rows bordering the channel. A direct
superposition ls made of thc conti ibutions of
various ions to the charge along the channel axis,
and the resu]. ting distribution is averaged along the
axis to represent the local charge density. The use
of the Thomas-Fermi-Dirac distribution at such a large
radius ls of doubtful valldlty) bUt no SRtlsfactory
RltclQRtlvc Rppcars to bc RvRllRblc.

The core-excitation term of Eq. (8) was computed
as a function of e and was found to be given approx-
lIYlately by thc linear cxprcsslon

where 5 and I are constants. This simpler form is
Used with 5 Rnd I obtained glRphlcRlly.

Thusq ln thc fol cgoing IHRnncl Rll pRx'RIQctcrs x'c-

quired for the stopping-power calculation are obtained,
and displayed in Table III. Several comments are
in order. First„Zl„averages about three electrons
per ion-pair, or 1.5 electrons per ion, in contrast to
the value of approximately four electrons per atom
which was dcdUccd pI'cvloUsly fox' thc most open
planar channels in silicon. This comparison seems
quite reasonable in light of the relative opsNNess of
the alkali-iodide channels. Regaxding the core-excita-
tion parameters, one observes that, the intercepts I
are negative and have the same value for both chan-
nels in a given crystal. They serve to give the adia-
batic cutofII for all core excitation, and are determined

by the smallest excitation energy for the particular
crystal. The slopes 5 are channel-dependent, and take
on values that make the core-excitation least for the
channels with the largest radii.

The calculated stopping-power curves for thc
NaI(100) axis are displayed in Fig. 4, and are rep-
resentative of the qualitative features exhibited. by
the four families of channel curves. A typical break-
down of a given channel stopping-power curve yields
tile followlllg: I ocal cxcltRtloll co11trlbutcs ~30%%uo,

3~ H. Jensen, Z. Physik 101, 141 (1936).
~P. Gongs, Bio Stgfistischg Theork Des Afoess Und Ikey

Anmendgegel (Springer-Verlag, Vienna, 1949).
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Pxo. 8. Calculated range-energy relations for various heavy
iona channeled along the CsI(111) axis. Distances are measured
from the point at which E/A =10 MeV/amu.

suiting range-energy curves corresponding to the
NaI(100) and CsI(111) axes are shown in Figs. 7
Rnd 8, 1cspectlvcly. In performing such R comparison,
knowledge of the sensitivity of the calculated stopping
powers to deviations in the values of the various
stopping-power parameters Lsee Eq. (8)j would be
of value. Briefly, the parameter Z;*e ranges (for the
cases treated) from the bare nuclear charge Z,e down
to values typically ~O.SZ,e, with a 10% deviation
in Z; introducing approximately a 20% deviation
in the stopping po~er. Similarly, a deviation as large
as 50% in the value of ZI„changes dE/dx by typ-
ically 15%. The sensitivity to Z„I must be related
to the core-excitation term. In particular, an over-
estimate of Z,1 results in a partially compensating
underestimate of (dE/dx)"". It is found for NaI
that when a/l the excitable electrons are associated
with the valence gas, the total stopping power is
typically 50% higher than the values resulting from
the more realistic choice of Z,1=8. This behavior
indicates that valence-gas electrons are more respon-
sive than core electrons, and consequently an over-
estimate of Z, 1 results in an overestimate of the
total stopping power.

Now that the required stopping-power relations
have been established, the 1uminescence aspects of
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FIo. 9. Calculated ratio of the luminescent response of Naf (T&)
to channeled versus randomly incident heavy ions. The values of
L, (random) are obtained. from Ref. 1.

the problem may be considered. It is recalled that
the Yale scintillation-eflIciency curves (see Fig. 1)
were constructed by means of a combination of lumi-
nescent-response data with the appropriate semi-
empirical stopping-power functions. To the extent
that the original data (L versus E) represent truly
random' incidence, Rnd to the extent that the semi-
empirical stopping-power curves approximate specific
energy loss for truly random trajectories, the resulting
scintillation-CKcicncy curves represent the scaling be-
tween incremental energy losses and corresponding
light output for the given set of ions randomly inci-
dent on NaI(Tl) and CsI(Tl) scintillation counters.
These relations are used, in conjunction with the
stopping-power curves of the present study, in order
to obtain a prediction of the luminescent response to
the same set of ions incident along major axial chan-
nels. Implicit in this approach is the assumption that
tllc dependence of dL/dE 011 dE/dx Is thc salllc foI'

channeled particles as for randomly incident particles.
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Fxo. 10. Calculated ratio of the luminescent response of CsI(Tl)
to channeled versus randomly incident heavy ions. The values
of L(random) are obtained from Ref. 2.

A test of the validity of this assumption awaits a de-
tailed theoretical analysis of scintillation CRiciency for
channeled particles.

Upon comparison of the various channel stopping-
power curves with the corresponding scintillation-
CS.ciency data, it is seen that for all cases treated,
Rnd over the entire range of interest, the channel

stopping powers 1cmRln lowcI' thRn the VRlucs Rt
which the scintillation CKciency begins to fall. Thus
it follows that for a given channeled particle the
scintillation CS.ciency is constant, i.e., the luminescent
response is linear and is given by the simple relation

L(channel) = (dL/dE) E, (10)

where (dL/dE) is taken directly from the appro-
priate scintillation-efBciency curve in Fig. j.. In this
manner one channel-response curve is generated for
each crystal, and is assumed applicable to at least
the two most prominent axial channels. From the
manner in which the curves are obtained, it follows
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that the channel response is automatically normalized
to the Yale (random-response) data, and thus a com-
parison in the form of a ratio of 1.(channel) to
L(random) is meaningful. Such a comparison is shown
in Figs. 9 and 10 for NaI(Tl) and CsI(T1), respec-
tively. The resulting values correspond to the limiting
:case of channeling over an entire trajectory, and thus
represent upper bmits to the relative light output
which a givell channeled partic1e is capable of pro-
ducing. Thcsc uppcx' limits RI'c scen to bc fRllly large
for particles that have relatively low incident veloc-
ities. This is attributable to the random particle's
experiencing a reduced scintil1ation cKciency over its
entire trajectory, in consequence of its low velocity
RQd thcx'cfolc high spcclic cDcI'gy loss. At high lncl-
dent velocities the response ratio is about the same
for all particles in a given crystal. In particular,
channeled particles incident at E/2=10 MeV/amu
in NaI(Tl) are capable of producing about 84/o
more light than are the corresponding random par-
ticles. In CsI(T1) the increase in light output can
reach 24%. Thus it is established that the lumines-
cent response of NaI(Tl) and CsI(T1) to energetic
hcRvy lons ls lndccd Rnlsotl oplc2 with pRrtlclc lncl-
dcDcc pRx'Rllcl to IQRjox' cx'ystRl Rxcs corrcspoDdlQg to
larger than normal light production.

Iv. MSCUSSIOH

The only assumption about the process of lumi-
nescence required in Sec. III is that the dependence
of dL/dE on dE/dx is the same for channeled as for
randomly incident partic1es. Nevertheless, it is of
interest to speculate on the mechanism of luminescence
in order to gain more physical insight into the cGects
of channeling. The luminescent emission is charac-
teristic of substitutional Tl+ ions, to which the ex-
citation is transferred. Murray and Meyer '4 assumed
excitons were the dominant energy carriers, and at-
tributed the reduction in dI/dE for high dE/dz to
depletion of activators in thc ground state. However,
Gwin and Murray" showed subsequently that acti-
vator depletion is not signiicant, and more recent
work'~~ suggests that energy transfer is accomplished
primarily by binary diGusion of electrons and holes
which are successively trapped. at Tl+ sites. The hole
exists as a V~ center, which diGuscs by thermal re-
orientation. s'~ Both Gwin and Murray4' andpoole+
have shown that a process that competes with suc-

s4 A. Meyer and R. B. Murray, Phys. Rev. 128, 98 (1962).~ R. Gmin and R. B. Murray, Phys. Rev. 131, $01 (1963).~ C. J. Delbecq, A. K. Ghosh, and P. H. Vuster, Phys. Rev.
151, 599 (1966)."R. G. Kaufman and W. B.Hadley, J. Chem. PhyL 44, 1311
(1966).

'8 R. G. Kaufman and %'. 3. Hadley, J. Chem. Phys. 4V, 264
(1967).~ F.J. Keller and R. B.Murray, Phys. Rev. 150, 6/0 (1966).

4O F.J.Keller, R. B.Murray, M. M. Abraham, and R.A. %'eeks,
Phys. Rev. 154, 812 (1967).~ R. Gv6n and R. S.'Murray, Phys. Rev. 131, 508 (1963).oD. Pooley, Proc. Phys. Soc. (London) 89, '/23 (1966).

cessivc trapping of electrons and holes at impurity
sites is the direct recombination of an electron and
a hole to form a self-trapped exciton (an electron
trapped at a Vs center). 4'44 At room temperature,
the exciton subsequently decays Qonradiatively, ~ and
thus makes no contribution to the luminescence. For
high ionization density (high dE/Ch), this competing
process should have a rate propoxtional to the prod-
uct of electron and hole concentrations, 4' and could
thus account for the decrease in dI/dE with increas-
ing dE/dh. The enhanced scintillation eKciency for
channeled particles may then be explained qualita-
tively by the reduced ionization density, which tends
to favox radiative recombination of electron and holes
by successive trapping at activator sites over non-
radiative recombination at ordinary lattice sites.

Several avenues of further investigation that ema-
nate from the present work are now suggested. First,
while the anisotropy of the luminescent response has
been accounted for, in particular, axes preferential
for luminescence (crystal channels) have been iden-
ti6ed, the corresponding acceptance angles calculated,
and the luminescent response to channeled. particles
obtained and compRred with thc random response,
it nevertheless foBows, in light of the many assump-
tions made during the calculation, that the reliability
of the theory is uncertain. Therefore, a detailed ex-
perimental analysis of the anisotropy is suggested.
Such a study would appear to be well worth while,
particularly since the theory indicates a fairly pro-
nounced CGect.

An anisotropic scintillation response associated with
channeling has been observed" " in single crystals of
Rnthl'RccQc» Howcver3 contrary to thc conclusions of
the present paper, there is a dip in the scintillation
efficiency for channeled particles in thick anthracene
crystals. Although the energy-transfer mechanism is
diferent in anthracene and alkali iodides, nevertheless
dr/dE decreases with increasing dE/Ch in both cases.
Thus the assumption that the dependence of dL/dE
on dE/Ch is the same for channeled as for randomly
incident particles does not appear to be valid for
anthracene. This assumption must be questioned, for al-
kali iodides as mell. The distribution of energy loss among
local, plasma, and core excitations is substantially
diferent for channeled and, randomly incident par-
ticles, and these three excitation processes may not
be equally @scient in ultimately producing ionization
density. Thus there is a need, for further theoretical
investigation of the mechanism of energy transfer to
the activators.

o R. B.Murray and F.J.Keller, Phys. Rev. 132, A924 (1965).a R. B. Murray and F. J. Keller, Phys. Rev. 153, 993 (196/).
41' D. Pooley, Proc. Phys. Soc. (I ondon) SV, 245 (1966).+ T. R. Kaite, Phys. Rev. 10'7, 463 (1967).
4~ E. Berkhan, Z. Physik 178, 101 (1964).
48 K. %'ick and A, Flammersfeld, Z. Physik 204, 164 (1967).4~%'. Srandt, R. Dobrin, H. Jack, R. Laubert, and S. Roth,

Can. J. Phys. 46, 5N (1968).
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Additional Rl"cRs of lnvcstlgRtlon RI'c indicated by
the requirements for a critical analysis of the various
features of the present stopping-power model. Since
a correlation with energy-loss measurements for chan-
neled particles in thin. NRI and CsI single crystals
would provide the most direct test of the over-all

model, it follows that such data would be highly
desirable. Plasma-excitation measurements in NaI and
CSI would provide useful information as to the iden-

tity of the respective sets of valence-gas electrons,
and. a measure of the extent to which the plasma
electrons are capable of exhibiting free-electron-gas-
like behavior. Finally, an independent experimental
determination of the density of residual charge down

the various axial channels wouId also be of value.
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The mean excitation potentials I of Al, Si, A1~0.„, Si02, and C~H802 were determined to an accuracy of
~0.5% by fitting theoretical range functions to experimental energy-loss data. The I values for the com-

pounds @ere found to be '7 to 22/0 larger than the corresponding values calculated for mixtures using

Bragg's rule.

1. INTRODUCTION

""T was the purpose of this study to measure and

.. compare the mean excitation potentials I of light
compounds with those of their constituent elements.

The quantity I appears in the well-known formula for
the stopping power (d T/dh) =5(T) for heavy charged

particles in homogeneous absorbers. ' '

5(T) = (0.30706/P') (Z/A) pI lnL2mc'P'/(1 —P') ]
—P' —lnI —Q C;/Z I, (1)

T=energy of the incident particle,

P = s/a=particle velocity,
Z=charge number of absorber,
A =atomic or molecular weight of absorber,

mc'= electron rest energy =511 006 CV,

C;=shell correction for shell i of the absorber atoms,
p= density of absorber material.

*Research supported in part by P.H.S. Grant No. 08150
from the Cancer Institute and by the U.S. Atomic Energy Com-
mission under Contract No. AT(04-3)-236.

t Now at Rutherford High Energy Laboratory, Chilton,
Berkshire, England.' V. Pano, Ann. Rev. Nucl. Sci. 13, 1 (2963}.

~ C. Tschalar, dissertation, University of Southern California,
2967 (unpublished).

The mean excitation potential is defined as'

lnI = Q f; inE;,

where f; is the optical dipole oscillator strength for
excitation of an absorber atom from its ground state
to the excited state i of energy E;. The sum extends
over all excited. states of the atom. The theoretical
calculation of I has proved to be a formidable task
and has so far only been attempted for very simple
atoms. ' Ho~ever, a method of determining I experi-
mentally is discussed below.

The shell corrections C, in Eq. (1) have been calcu-
lated for the E shel14 and the I- shell, ' assuming hydro-
gcnic clcctI'on wave functions. They appear to 6t
experimental data quite well. 2 Higher shell corrections
however, are still only little known. ~ We have therefore
conhncd this study of I to Si, AI, Rnd lighter atoms
where the higher shell corrections may be neglected.

Wc now establish the formula for the stopping power
in absorbers consisting of a mixture of atomic elements
(not a compound), assuming no interaction between

' R. T. Sell, "Calculations of the Atomic Logarithmic Mean
Excitation Energy from Oscillator Strength Sums". National
Physical Laboratory, Math. Division, 1965.' M. C. %alske, Phys. Rev. 88, 1283 (2952).

~ M. C. Walske, Phys. Rev. 101, 940 {2956).


