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Recently optical methods for nuclear moments via hyperfine struc-
ture determination, based on dye laser spectrometers, héve been de-
veloped /1'2/. An atomic beam laser spectrometer has been built in
Dubna and described elsewhere /3’4/. The parameters of such spectro-
meters sre in general defined and experimentally determined /1’2/.
Nevertheless, in the course of the laser group experimental work the
development of theoretical methods for their determination from ex—
periment and for their prediction to achieve optimal development of
the set up appeared necessary. As a first step a theory of atomic
beam collimation was developed /5/. As a second step this work is
proposed, containing a precise definition of the parameters to be
dealt with, possibilities for their determination, prediction and im-
provement, The methods developed here have been applied to the spec-
trometer optimization /344

1. Atomic beam and fluorescence light parameters

The type of set up we have in mind is described in refs. /3’4/.To
determine its parameters (section 2), firstly the distribution of the
abtomic flux out of the oven over space and velocity is necessary. To
rely on experiment only about such a distribution in a multidimensio-
nal space, dependent on several parameters connected with sample
plus oven plus collimator, laser and detector properties, is rather
hopeless, Therefore a theoretical approach has been developed and
experimentally checked /s(It yields finally the Doppler line width
at 1/2 height AV , and the following integral quantities: X
{atomdisthe local number of atoms (in ‘the interaction region of ato-
mic beam with laser ray and fluorescence light, in our case © )s
Y [atom/s] . the local flux of atoms (per second, intersecting the
interaction region cross section, 6 mmz); Y fatom/s] y the total
flux of atoms (per second, leaving the oven collimator); general no-
tation 6 of the set (X ,¥Y,¥).

Secondly, information on the excitation and registration equip-
ment is necessary, including laser line width, reaction of the pho-
ton counting set up to effect and background (section 3) and on the
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interaction process between atomic beam, laser ray and emitted reso-
nance fluorescence light (section 4). We shall see in section 4 that
some estimates are possible, helping the laser spectrometer optimi-
zation., However such estimates are rather approximate, and therefore
experimental information is necessary. We are going to summarize it
in the quanbity Ne [}ount/é] : the effect, ©.g. the number of counts
per second in the peak of the hyperfine structure over background
(section 4),and also in the background N [count/s] . In the last
case experimental information is inavoidable, but it can be helped
by some model dependencles (section 5); However & possible method
for background improvement and its limitations will be discussed too
(section 6). Both Ne and Nb ars accepted to be corrected for
dead time end deviations from single photon counting, as discussed
in section 3.

2. Resolution, efficiency and sensitivity

The resolution defined by A){r is determined via the theoretical-~
1y obtained Doppler width 4V = 4V, and the experimentally known
laser line width AJ? by some type of summation. E.g. approxima-~
ting both distributions by Gsugs shapes (or by Lorentz shapes res-
pectively), the resolution will be the reciprocal value of:

I 2
av, =\/AV£ + 4y, (Avr=Au[+mfd ). (1)
We can define the reciprocal efficiency set of parameters 9 E

e
X g y7e » Yo ) by theoretical 6 eand experimental N, quanti-
ties as follows:

0,= 8/N,. (2)

It means that k’e [atomxs/count] represents the local number of
atoms producing an effect of 1 count per second in the peak of the
hyperfine structure; y; [atom/count] , the local flux of atoms pro-
ducing the same effect; V/e [atom/counb], the total flux of atoms
producing the same effect.

To introduce the sensitivity, we use moreover &, [s] ¢ the
measuring time per channel., Alsoc a constant a is the minimal ratio
of effect over statistical error of effect plué background, for
which the effect is accepted to be observable (we assume as usually
a =3 ), Let us denote the minimal observable effect by No [count/s]
Then: * )

Not, = aV(Ne+ Mp)te . (3)

Solving (3) with respect to No and defining the reciprocal sensiti-
vity set of parameters Qs = (]YB , VS . 93 ) as the corresponding
minimal observable quantities, we £ind:

v
9, =8,N, =a(§+M%+Nbfc)9/(,vefc) )

Xs [atom] represents the minimal observable local number of atoms;
sz [atom/s] ; the minimal observable local flux of atoms; V’S [atom/
s], the minimal observable total flux of atoms.

Wo see immediately two limiting cases of formula (4). In the
first one of background low enough a2)> Myt +» the gensitivity is
limited by statistics:

6 = a’8./t. = a’6/(N t,). )

And in the second case of background high enough a? <Z_thc s The
sensitivity is limited by background:

9$=a A/A/i{_ 96 =a‘/Nb/t69/Ne. 6)

3. Single photon counting

In this section the optimal choice and regime of the photon coun-
ting system will be discussed, Methods for data correction when de-
viations from these conditions appear will be. proposed.

Fig,1, Blectron pulse amplitude dis-
tribution of the chosen photomulti-
plier PEU 79 at high counting rate.
Discrimination level for single photon
counting is indicated by a vertical
solid arrowj; for double photon coun-
ting; by a vertical dashed arrow.

chanmel number - .

We start with fig. 1, taken from ref. /5/. As is shown there, the
choice of the photomultipliér should be such that the one-, two-,
and so on photon peaks should be well distinguishable. Single photon
counting would be achieved when the discrimination level is somewhat
below the one-photon peak maximum.

To understand why this is preferable, and what type of corrections




should be introduced if it is violated, let us remind the well kmown
Poisson statistical distribution of many-fold photon bursts /87, ge
denote by K = N+ Ky [8'1] the real effect plus background ratejby
N_, the measured x-fold burst rate; N_ , the measured saturation
rate ( N"l [#] ; the overall dead time of the whole photon counting
systenm). Then:

S W/'%)I—fedm"S 7
T4+ NN, (x-1)) ’

Let us also denote by N: the measured =¥~ and more-fold burst
rate. Then ovidentlys

-1
o N/
NS =5 N = T (N/N’) @ ] : (8)

< +~/n/[ g0 TG

Hotice that for x = 1 the axpression in brackets equala 1, and
(8) gilves the usual dead time oorrection of the measured Nl to
real rate N , For N<<N_, l ~ (B)¥ , so that the relation of
the single photon counting re.te K{" to the real rate N remains
linear. However for x = 2 +this linearity is violated, and for dee
creasing real rate XN , the measured one N decreases much faster,
with the x-th power of N ., Therefore the ratio of statistical
error to effect, for small effect K , will increase with increasing
x , This means also that the two-, three- and so on photon peaks,
compared to the one-photon peek of the electron pulse amplitude dis-
tribution in fig. 1, will progressively disappear with decreasing
photon intensity KW . ’

The situation described has been checked experimentelly, For this
purpose the real counting rate N has been obtainsd: 1) for a dis-
crimination level correapondins to x =1, deriving H from the
experimental counting rate l by

oo N .
o= 1+ N/Ng il 9
2) tor a discrimination level correspondins to x =2, deriving N
from the expsrimental counting rate l by

/V//Vs g
2 1+ N/Ng

o x —
re———l_

The results for N have been compared and have turned out to be
approximately the same.

4, Effect ephancement

To enhance the effect N, ,ata gnren to al flux of atoms ¥ ,
means to increase the total effic:.enc:y W (2) and to increase the
total sensitivity W 1 (#). Let us thsrefore, ‘first of all, discuss
the total reciprocal efflclency YJ (2) and its various components
(factors) W(‘: , related to dlfferen’c processes in the lasger spec—
trometer. We have summarized their values obtained in the last ver-
sion of the set up, with their eventual best values limits, in
table 1.

Table 1
Reciprocal efficiency components ‘//(k) for an odd (or doubly
0dd) and a (doubly) even nucleus (both of the "standard” type des-
cribed in text of section 4)

k Component Nucleus| W ék)
Now Limit
1 collimation 5 x10° 1 x10°
2| excitation 1 x10° 1 x10°
31 S = | transition pro-  odd 8 x 107! 8 x 107}
1" 2 -
5 | & é*;, duction even 1 %102 1x107%
IS
2153 component pro- odd 6 x1° 6 x1°
w o [%e duction o] 0
4 [ < & aven 1 x 10 1 x 10
5 | 3 SE light collection 1.4 % 101 2 x 102
6| S [58 photomltiplier counting 1.5 x 10 5 x 10
7| © 8% | filter trensmission 4 x10°0 1 x10°
Total v,= k/’f ¥ 1K) oda 2 x10° 5 x10°
= even 4  x10° 1 x 10t

The collimation reciprocal efficiency ‘f’gl) = ‘)"e/Y;5 = VY/¥
is already near to the limit: an improvement of only 5 times 1s ex~
pected 1in realistic cases, as explained in ref, /5/

The registration reciprocal efficiency Ve decomposes into 2
groups of components. The photon production group consists of 3 com-
ponents: f£irstly, the excitation Wez s being the ratio of the Dop-
pler broadened to the real {natural plus laser) line width. In our
case it is near to 2 , and is very difficult to be improved to 1




if complete hyperfine structure component rescelution is preserved.
However we have corrected it to 1 +to compare with the real case of
ref. /* In fact, in that case we hdve an aversge overlapping of -
about 2 1ins components, enhancing the efficiency by the same factor.
Secondly, the transition production ‘¥ 9) is the number of transi-
tions of one atom during its 4 x 10‘6 8 long flight through the 1
mm thick laser ray. In the case of a doubly even nuclsus with a
"standard” excited level radiation lifetime 4 x 10"8 8 , about

10’2 transitions per atom could be expected for saturation at high
enough laser power. However, in the case of an odd or doubly odd
micleus with several giound state sublevels, optical pumping to them
would soon make the sublevel under resonance empty, so that roughly
1.25 transitions per atom could take place for saturation at a high
snough lagser power. Thirdly, the component production W 94) is the
number of ground state sublevels, and thus VY #) =1 4111 be the
ratio of sublevel to total level populations. As an example we have ~
taken the 1oL lggmu case, with a nuclear ground level spin 5/2
and en atomic ground level spin 7/2 , 1.e. with a number of ground
state sublevels 6 , accepted here as "standard", Both last compon-
ents cannot be improved by changing the set up. They depend on the
investigated transition, atom and nucleus only.

The photon detection group consists of 3 components again., First-
1y, the light collection W( is the ratio of &7 to the collec-
ted light solid angle, Secondly, the photomultiplier counting ‘P
depends on 1ts properties and is usually not better than 10, only
by extra measures to become 5. So, generally, a 20 times improvement
could be the limit result. Thirdly, the interference filter transmis-
sion Y 97) 4 times reduction can be avoided; in order to get ano=.
ther & times improvement, only in cases when oven background is less
then laser background. Otherwise it iB necessary to use it in order
to improve the effect to oven background ratio, in our case sbout
100 times /% o

Let us note at the end that the total reciprocal efficiency of
our present table 1, first column (now), odd mucleus: Vg =2x 10° ,
is in agreement with the experimental one of ref. 8/ g table 2, se-
cond row: ¥, = 1.8 x 10° . The limit of improvement is sbout 102
times lows. or better, due to rows 1, 5, 6, without the doubtful
possi‘bllity of other 4 times due to row 7.
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5. Baekground reduction

The background Nb components N-gk) y Whose reduction will in-
crease the sensitivity W (4, 6), are mainly an experimental
problem, Therefore thay have been studied by our group, and the re-—
sults published in ref.

However, there are gome approximate model dependencies which fa-
cilitate the background determination (especially the oven back-~
ground componentss ijl with interference filter ox Nt();") with-
out it) for any sample temferature T and laser powsr I . They,to—
gether with our Tesults ﬁbk) of ret. /% at standard T e.nd I ',
are shown in table 2, For the 63Eu I 1line 5765.20 A , = 5768 A
VY = ¢/A 1s the interference filter maximum transmission (:? = 1/4)

Table 2
Background components N(k) with their dependence on sample tem=
perature T and laser power I (v 1V, + Y, 1 see text section 5;
h : Plank ahd k : Boltzmann corstant)

wk) gl -
b ng)/ﬁék)
k| Component T = 1350 K| dependence on T , I
I = 100 o
photomultiplier noise 80 const.
2 laser background 2500 /1
hy hy
3 T with interference 500 (eﬁ ' / kT _ )
< 2 filter
S s V du Y dV
313 | without inter- 90000 -
°§ ference filter hV//‘T /w/k‘l“
Q
J
Total Wy =) Hl()k)
k=1

frequency, AAd= 75 R : trensmission bandwidth, AV = cAA//\a Il Vl ’
V are the empirical limits of photomltiplier sverage sensitivity.

Empirical oven background reduction with interference filter,
as compsred to the case without it, good description bys

(37, (3 v’ 4y »>dy
N, N, = ST _ // WA (11)




is achieved with: A, = 6750 i , A, = 4000 & . The oven background
reduction and the oven background to effect ratio reduction with
interference filter is as follows: at T = 900 K 400 and 100 times,
at T = 1350 X 180 and 45 times.

6. Photon burst technique

This is a basic possibility of effect to background ratio enhan-
cement /6, « A simplified modification of this technique has been
proposed by Yu.P, Gangrsky: to use x~ or more-fold bursts by simp-
1y raising the discrimination level to the minimum below the x-pho-
ton peak of fig, 1, x =2, 3,...

Suppose n photons are emitted per atom ( n >> 1 only in even-
even nuclei: section 4) during its flight through the laser ray. The
probability to obtain a x-fold coincidence is:

n-x

P =(;)wx(f-w) , (12)

where « is the photon detection efficiency. For nw fixed and

n —3 527 this can be approximated by a Poisson distribution

again H
p, = (n0)” . (13)
x!
The probability to obtain a x~ or more -fold coincidence is then
n x-1
Po=23 P =1-2 5. (12
x £ £
. f:x f=0 -

We look at the x = 1:
n
R

and the x = 2 case:

f— (1-w" (15)

P = tetr-w)" 14 (n- ] (16)

R
by using (12), We note firstly that for small w P? ~ Py~ nw ,
which shows an improvement of the overall efficiency neven/nodd )
80 times. Secondly, for «w << 1 , for the coincidence case, the
ratio of (16) to (15) is:

= @"/P," ~ PB/P = (n—Nw/z (17)

¢ 18 actually the coincidence effect increase when going from x =
1 to x =2 . Let us compare it with the random case ratio of (10)
to (9) r , applied to effect or dbackground N = N <<

Ns H

a,b re,b ¢
=N, SN~ NN (18)

Ty is actually the background increase when going from x = 1 to
x=2, 50 (c+ ry )/VF__ {s the enhancement of the ratio of effect
to statistical error of background, and thus the improvement of sen-
sitivity 9 -1 (6) when doing the sams, 1.e.,g0ing from single
(x = 1) to double (x = 2) counting mode ( ¢ > r, for small Na Yo
~ To pee how it .locka with oup data » we present it in table 3
for photons emitted per atom from an odd nucleus n = 1,25 and
(doudbly) even mucleus n = 1 (both of the ¥atandsmd" type descri-
bed in section 4), photon detection efficiency now w = 1.25 x 10"'3
and in the limit of im rovemant w =10"1 (see table 1), back-
ground normal Nb s 1 and strongly reduced Hb = 25 s"l ’
saturation rate R 10 a " .

Taeble 3
Sensitivity # ;1 (6) improvement c/Vr_b from (17, 18) when
gding from single to doudble counting mode for different nucleus, sf=-
ficlency and background: see text section 6

k Nucleus Efficiency Background c/VEi;

1 odad now ! nornal 4,9 x 1073
2 odd now reduced 3.1 x 1072
3| a4 limit normal 2,0 x 1071
a| odd limit reduced | 2.5 x 10°
5 even now normal 2.0 x 10O
6 aven now redused l.2 x 101
72| even limit normal 1.6 x 107
8 aven 1limit reduced 9.9 x 102

Looking st table 3 we can say that for odd or doubly odd nuc-—

lel, in the cases k = 1, 2, 3 the sensitivity becomes worse, and
only in the case k = 4 , i,0.,if we improve both efficiency and
background to the limit, there is a non-essential improvement, Thus
this mod{fication is of no use for odd nuclei. For (doubly) even
nuclei there is a non-essential improwvement for k = 5 1if efficien-



¢y and background remain as they are, but the imﬁrovément becomes

one order of magnitude for k =6 , i.e.,with improved background,

two orders of magnitude for k = 7 , i.e.,with improved efficiency,
and three orders of magnitude for k = 8 , i.eywith improved both
efficiency and background. Thus such a modification might become
useful for doubly even nuclei. In general it requires an essentially
increased measuring time tc , but at the same time th;s leads to an
improvement of the single pnotou counting mode seﬁsitiv%ty49 ;1 by

6), which acts in add;tion to thg ratio of the double to single

mode sensitivity c/VEE , deriveq by (17, 18) and shown in table 3.
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HagxaxkoB E.[I". E6-86-232
llapaMeTpbl J1azepHOT'O CIeKTpoMeTpa

O6cyxleHbl OCHOBHble NapaMeTpsl J1a3epHOTr'0 CIeKTpoMeTpa C aToM—
HbIM NMYYKOM: paspeweHHe, 3¢deKTHBHOCTHL U UYBCTBHTEJIBHOCTD,
llpennoxensr dopMysibl 151 X BHBOAA HA OCHOBe 3KChnepHMeHTa. lloka-—
33aH ONTHMAJNIbHBLEL BhIOOpP M pexXHM CHCTeMpl cueTa $OoToHOB, HaineH
MeTOo[d KOPpPEeKIHH OAHHBX NMpPH OTKIOHEHHAX OT 3THX yCJIOBHH. YkKasa-—
- HEI BO3SMOXHOCTH NpeACKA3aHHA U ylydmeHusn 3bdexta u dona. Kpuru-—
YeCKH NpefcTaBlieHa TeXHHKa GOTOHHMX BCIpMIEK, B CpaBHEHHH CO
CyeTOM OAHHOYHHLIX $OTOHOB, U pAaCCMOTpPEeH BONpPOC, IIPH KAaKHX yC-
JIOBUAX OHA Morja 6ol YJIYyYmHTh YYBCTBUTENIBHOCTH,

Pa6ora BuinmosiHeHa B JlaGopaTopuu fApepHblX peakuuin OUAU.

Ipenpunt OGrefHHEHHOTO HHCTHTYTa ANEPHLIX HccnenoBaHui. llyGHa 1986

Nadjakov E.G. . E6-86-232
Laser Spectrometer Parameters

The basic atomic beam laser spectrometer parameters: reso-
lution, efficiency and sensitivity are discussed, Formulae for
their derivation from experiment are proposed. The optimal
choice and regime of the photon counting system is indicated.
A method is found for data correction when deviations from
these conditions appear. The possibilities for effect and
background prediction and improvement are pointed out. The
photon burst technique is critically presented, compared to
the single photon counting, and the question under what condi-
tions it could improve the sensitivity is considered.

The investigation has been performed at the Laboratory of
the Nuclear Reacrions, JINR.
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