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A theoretical study of the temperature dependence of the pressure shifts of the hyperfine

constants IHPS) for hydrogen-helium and nitrogen-helium systems over the temperature range
30 to 1000'K indicates that the temperature variations are v ell above the limits of detect-
ability. An interesting peak is observed for the HPS in the hydrogen-helium system at 325 K

and it is suggested that the occurrence of suchpeaks provides an experimental handle on the

relative signs of the long-range and short-range contributions to HPS.

Accurate data on pressure shifts of hyperfine
constants in rare-gas atmosphere are presently
available from optical-pumping experiments' for
a number of atoms. The interpretation of the
origin of these hyperfine pressure shifts (HPS) in-
volves a knowledge of both the interaction poten-
tial between the atoms as well as the wave func-
tions of the perturbed atoms, and thus provides a
comprehensive test of theories for interacting
atoms.

There are two mechanisms' involved in the or-
igin of the HPS, a long-range mechanism involv-
ing the mutual polarization of the atoms and a
short-range mechanism associated with the over-
lap of their electronic orbitals. First-principle
quantitative calculations on both these mechanisms
have recently been performed for the H-He and
the N-He systems. ' In the H-He system the long-
range HPS is found to be negative because the
spin density at the nucleus decreases when there
is an admixture of p character to the 1s orbital
by the van der Waals interaction. The short-
range HPS, on the other hand, is positive since
the Pauli repulsion between the electronic or-
bitals of the atoms at short range pushes the
electrons closer to the nuclei. %'bile both these
opposing effects are of the same order of mag-
nitude as experiment, the short-range effect pre-
dominates, leading to a positive HPS. In the N-
He system, the long-range and the short-range
effects are both positive. Here the long-ralige
effect, involving a polarization of the 2p orbitals
by the van der %'aals interaction, leads to an ad-
mixture of s character and positive spin censity.
The Pauli repulsion at short-range increases the
density of the valence 2p orbitals in the neighbor-
hood of the nucleus and at first sight would not be
expected to influence the HPS, since the density
from P orbitals vanishes at the nucleus. How-
ever, one can get a finite HPS from the altera-
tion of the exchange interaction4 between the va-
lence 2p and core 2s (also ls) orbitals through
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their overlaps with the helium electrons. Again
both the calculated long-range and short-range
effects are found to be of the same order as ex-
periment, their sum being about a factor of 2

larger.
Recently, experimental techniques' have been

developed for carrying out optical-pumping ex-
periments over an extensive range of tempera-
tures. This advance in technology permits an
additional test of the theory by making possible
the measurement of the temperature dependence
of HPS. The purpose of the present note is two-
fold. First we want to show that the temperature
variations of the HPS in the two systems, as
expected theoretically, are large enough to be
experimentally detectable. Second, and more
important, is the fact that the temperature vari-
ation is predicted to be characteristically differ-
ent in nature when long-range and short-range
contributions are of the same sign than when they
oppose each other. In particular, a peak is pre-
dicted in the HPS for the H-He system around
50'C while the HPS in the N-He system shows a
monotonic variation with temperature. The tem-
perature variation of the HPS thus provides an
experimental handle for determining the relative
signs of the long-range and short-range effects.
This feature is expected to be very useful in con-
nection with the HPS of those atoms' where, like
in the case of nitrogen, the sign of the effect can-
not be predicted without actual calculations of the
polarization effect involving the core and valence
electrons.

The pressure shift at a particular temperature
T can be calculated from the relation



B K RAQ AN& T. 185

n, a(R) =&(R) -n("
SHORT RANGE

LONG RANGE

III TOTAL

s the hyPerfine cons™t for theln Eq. (2)» n( 's
t distance R from thec atom when it is at a 's an

and a( ) is the hyperfine co stant
fo th i ol t d

f the evaluation of a(R)
ite se aration, that is, for e '

he rocedures for e ev

have been described in earlier papers an w

() i do tfoThe integ ration in Eq. 1 was ca
tures over a rangediff erent temperatures

T=30to T = 1000'K for o
30'K should be ac-systems. The temptern erature
in the H-He system,

h l'
for measurements in the - e

og
tern erature. Under s

7'K 8 t d thsure, mtrog 'q ' 'en li uifies at 7
p nditions in the op

'

e artial pressure o niexpe iments, the par '
p

consequent depression o oi inlow and the con q
30 K accessible ex-might mak e the region near

perimentally. Th pThe tempera re r
orted to be

l
d'

has already been repor
h of newly deve ope ewithin the reach o

e. ' In carrying ou e 't the integra-variation technique.
as taken asin E . (1), proper care was

'd th 'o h
' r a ers' to avoi ein

d th hthe calculated long-range an e s

tu d d of

& were not valid.

-He s stems. e s

w' ults to provide a better
-ran e contributions are p o e

ly, along w'with total results, to provi
f the temperatureunderstanding of the origin o e

variation.

Isa0
0)
CL

CI

-5-

I. SHORT RANGE

II. LONG RANGE

III TOTAL

a3I
200 400 600

Temperature ( degrees K)
IOOO

IG. 1. Plot of the variation of long- ng p LR-ra e [(a ) ],
— a e a, 1 ( + HPSwithtemperature— a e [(a ) 7, and tota

shows the region in thefor H-He system. The insert s ows e
neighborhoo od f 50 C suitably amplified to show the
peak in ap.

3
I

0
28.

O

'0 200 400 600 800 IOOO

Temperature(degrees K)

2. Plot of the variation of long- ng p LH-ra e [(a ) ],FIG

ature for N-He system.

like to discuss the observabilityFirst, wewouldlike o
e m nitudes of the changes we ave o

er ang -1000'K is found
Considering the N- e sy

g po er the range 300-
2 to be 0. 310 cps/Torr, w i efrom Fig. o

alue isrange 30-g 300'K the corresponding val
Torr. In the optical-pumping expe eri-

stem at 300GK measurements ofments on this system at 3 m

s the expected changes intemperatures, the exp
-300 K andtant over the ranges 30-fine constan

20 15 cps respec-O'K are 192.66 and
tively. For this system, the eor

300'K is found to be about a factor oap at i

redicted variations in hyperfine cons
ted changes in frequen-this factor, the expec

le. This observation is incies are still sizable. is o
conclusions arrived at y rcontradiction to con

tion with tem-o e ected the frequency variation wi
perature to be negligi e.

te treatmented u on an approxima e rclusions are bas p
o ong-f l -range contribution and neg ec n

lo -rangerange con i itr'but'on and the use of the ng-
where it is not valid.form in a region w

sure of 65 Torr,
ptern erature ranges

-1000'K are predicted to beand 300-
The changes in frequen-4. 5V cps, respectively. e c

'th the changes in the hyperfinecies associated with e c
the limits ofconstants should thus be well above e im'

feature of our results isThe other interesting feature o ou
r the H-He system at

ntrast with the monotonic variation
he a arent peak in ap for t

ted for the N-He system. e ocpredicted
of the variations inof this peak and the nature o e v



185 HYPERFINE PRESSURE SHIFT AND VAN DER WAALS INTERACTION . III 97

(ap) f,H and (ap)SR with temperature can be under-
stood qualitatively by examining the integrand in
Eq. (1). The values of (ap)&& in Figs. 1 and 2
are found to be decreasing in magnitude for both
H-He and N-He systems. This behavior occurs
because the long-range HPS derives its contribu-
tion from large R where V(R) is attractive and
thus has a negative sign. Consequently, the term
exp[- V(R)/kT] in the integrand in Eq. (1) de-
creases with increase of temperature. The short-
range HPS, on the other hand, derives its con-
tribution partially from the attractive and also
from the repulsive regions of V(R). The con-
tribution to ap from the attractive region of R
will again be expected to show a decrease in mag-
nitude with increase in temperature. The con-
tribution to (ap)SH from the repulsive region of
V(R), on the other hand, is expected to show
an increase due to the negative exponent in
exp[- V(R)/kT]. We have found, however, that
for the temperature ranges considered, the rel-
ative contribution to HPS from the repulsive re-
gion was quite small and could be ignored except
at the lowest temperatures chosen. Thus a trend
of decreasing magnitude for (ap)s& with increas-
ing temperature is predicted as in Figs. 1 and 2.
If the short-range and long-range contributions

have the same sign (as in N-He system), then
the decreases in the magnitudes of (ap)s& and

(ap)+& with increasing temperature assist each
other and an over-all decrease in ap with increas-
ing temperature is expected. If on the other hand

(ap)&& is positive and (ap)LH is negative, as in
the H-He system, a decrease in the slope of the
total ap curve as the temperature is decreased
from the high-temperature side, and the eventual
turning over to a region of negative ap after pass-
ing through a peak, becomes understandable.

It is hoped that the measurements of these pre-
dicted frequency changes with temperature will
be possible in the near future in both the systems
considered here, as well as in additional systems.
Such studies can establish whether the relative
signs of the long-range and short-range hyperfine
effects can be distinguished purely by experiment,
as expected from our analysis. In addition, a
quantitative comparison between the results of
experiment and current theoretical methods should
provide stimulus for further refinement of the
theory of interacting atoms.

The authors are grateful to Professor R. H.
Lambert for mentioning to us the possibilities of
temperature variation studies of HPS in the near
future.

Supported by the National Science Foundation.
~Address after September 1, 1969: Department of

Physics, University of Utah, Salt Lake City, Utah
84112.

L. W. Anderson, F. M. Pipkin, and J. C. Baird, Jr. ,
Phys. Rev. Letters 4, 69 (1960); Phys. Rev. 120, 1279
(1960); 122, 1962 (1961); W. W. Holloway, Jr. ,
E. LGscher, and R. Novick, ibid. 126, 2109 (1962);
R. H. Lambert and F. M. Pipkin, ibid. 128, 198 {1962);
129, 1233 (1963); 129, 2836 (1963).

F. J. Adrian, J. Chem. Phys. 32, 972 (1960).
G. A. Clarke, J. Chem. Phys. 36, 2211(1962); S. Ray,

J. D. Lyons, and T. P. Das, Phys. Rev. 174, 104 (1968);
181, 465 (E) (1969); S. Ray and T. P. Das, ibid. 174, 32
(1968); J. D. Lyons, S. Ray, and T. P. Das, ibid. 174,

112 (1968); 181, 465 (E) (1969). In the last two papers
the values for Da~(R), {ap)LR, (ap)SR, and total ap have
to be reduced by a factor of 2, because that was missed
in the definition of A~. Also in the last paper, the value
of (ap) has to be further reduced by a factor of 3 be-
cause of a missing factor of 1/J (where J= 2) while re-
lating the hyperfine constant to the hyperfine energy.

D. Ikenberry, B. K. Rao, S. D. Mahanti, and T. P.P.
Das, J. Magnetic Resonance {to be published).

L. C. Balling, R. H. Lambert, J. J. Wright, and
R. E. Weiss, Phys. Rev. Letters 22, 161 (1969).

6 Examples are other fifth-group atoms, such as
phosphorous and arsenic, oxygen (0 ) and iron-group
atoms.

F. J. Adrian, Phys. Rev. 127, 837 (1962).


