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Thomas-Fermi treatment. To a first approximation
we find
Se= £ X8metao(Z125/ Z) (v/vo), (6)

with Z= (Z;#4Z,%?% and where &, is of order of 1-2,
but may vary with Z; approximately as £~Z;3. The
dependence of S. on Z; and Z, in (6) is an expedient to
get simple estimates. Empirically, the formula (6) is not
far in error. Of course, for v2>%" the formula (6) no
longer holds, and the stopping cross section will reach a
maximum and decrease at higher velocities.

We observe that (6) and (3) become equal at some
energy E.. If we put Zi=2Z, we find E.=Z45(¢,/E0)*
X750 ev=Z34,X500 ev, ie., e.~64:Z5%, but already
somewhat below this energy S, has fallen below (3) and
do, approached the Rutherford scattering cross section.
In many measurements, then, one observes a nearly con-
stant S at energies about E,. However, it is composed
of a decreasing S, and an increasing S.. This effect
will:show up, e.g., as a reduction of relative straggling
in: range, since the straggling from collisions with
electrons is negligible.

- An instructive application of the above scattering
formulas for power potentials is the hydrogen-deuterium
isotope effect. In fact, when a heavy ion moves through
a light substance (M{>M,), S, varies with M, as
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M=, To S, should be added .S which is independent
of M ,; accordingly; for =2 the stopping is independent
of M,. For n—2 positive, the heavier isotope will give
the larger stopping, and vice versa. This result leads
to an interpretation of range differences observed in
hydrogen and deuterium. For large e the value of »
is between 1 and 2, and therefore Rp>Ryg.4® For small
€ we expect # to increase beyond 2, so that Rp<Rp.*

Another interesting isotope effect is observed when
M is varied for fixed Z;. Davies® has measured the shift
in projected range between Na? and Na* of energy 24
kev in Al. Here, we expect a small energy loss to elec-
trons, so that Egs. (1), (3), and (5) are approximately
valid. The results of Davies are in fair accord with
Eq. (5).

More extensive publications are forthcoming on these
and related subjects. Several of the above results were
obtained five years ago, following discussions with Dr.
R. B. Leachman on his observations of range distribu-
tions.2 We are much indebted to Dr. Leachman for
these discussions. We are grateful to Dr. J. M. Alex-
ander, Dr. B. G. Harvey, and Dr. N. O. Lassen for com-
munication of experimental observations prior to
publication.

9 J. K. Bgggild, O. H. Arrge, and T. Sigurgeirsson, Phys. Rev.
71, 281 (1947).
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The properties of the scattering length obtained by Kohn’s method, which is one of Hulthén’s variational
methods, are studied by assuming a linear trial function with » adjustable parameters. The scattering length
A decreases monotonically as the number of adjustable parameters # increases, if there is no bound state
in the system. This conclusion essentially comes from the upper bound theorem of Spruch and Rosenberg.
When the system has 7 bound states, the scattering length increases in value only 7 times, and otherwise
decreases monotonically. Therefore, after one verifies the presence of m increases, the calculated value is
certain to give an upper bound on the scattering length. The connection between the result above and the
condition of Rosenberg, Spruch, and O’Malley is considered. In the Appendix comparison is made of the
scattering length 4™ obtained by Hulthén’s original method and Kohn’s method when m bound states

exist in general.

I. INTRODUCTION AND SUMMARY

PRUCH and Rosenberg! have recently proved that
the Kohn method, which is one of the Hulthén
variational methods, gives an upper bound on the
scattering length if there is no bound state in the system.
Rosenberg, Spruch, and O’Malley? have extended the

* Now at Department of Physics, University of Tokyo, Tokyo,
Japan.

1L. Spruch and L. Rosenberg, Phys. Rev. 116, 1034 (1959).

2 L. Rosenberg, L. Spruch, and T. F. O’Malley, Phys. Rev.
118, 184 (1960); 119, 164 (1960).

theorem to the case where m bound states exist and
showed that the calculated scattering length also gives
an upper bound if the trial function is chosen so flexible
that m approximate orthogonal-wave functions for the
bound states with negative-energy expectation values
can be formed by a linear combination of the terms
involved in the trial function. The upper-bound theorem
is useful because we can judge which is the better
calculation and how the result is improved.

The purpose of the present note is to study the nature
of convergence in the variational calculation with a
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linear trial function. It will be shown that the calculated
scattering length A™, with » adjustable parameters,
decreases monotonically as the number » increases, if
the system has no bound state. This is quite analogous
to the usual variational calculation of the energy
eigenvalue. If there are 7 bound states, it will be shown
that A increases in value at most, m times, as »
increases from zero to infinity, and that the m positive
jumps actually occur if the trial function series is
properly chosen so that #(® converges to the true
solution. Since A decreases monotonically after m
increases, this provide a proof of upper boundedness of
the scattering length. In other words, the existence of
m positive jumps is the (necessary and sufficient)
condition required for 4™ to give an upper bound.
This statement can be useful in actual applications.

In the course of the discussion we shall also see that
when only one bound state exists, 4 (n>1) gives
an upper bound if H;;<0. Rosenberg, Spruch, and
O’Malley have used the theorem due to Hylleraas and
Undheim? in their proof of the minimum principle for
the cases where m bound states exist. The same theorem
will be used more critically to get the above result. An
illustrative example will be given in Sec. ITI. Inthe
Appendix it will be shown that, if a certain condition
is fulfilled, 4 obtained by Hulthén’s original method
is larger than the one obtained by Kohn’s method.

Note added in proof. (1) R. Konno (University of
Tokyo) has recently obtained the conclusion that the
stationary value for the effective range [see T. Ohmura,
J. Math. Phys. 1, 35 (1960), Eq. (8)] is certain to give
an upper bound after one verifies the presence of one
positive jump. He follows closely the procedures used
in the present paper. (2) C. Schwartz (University of
California) has recently noticed, in the course of his
variational calculation on the elastic scattering of elec-
trons (with positive energy) by hydrogen atoms, that
the “stationary’’ value for the phase shift does not con-
verge smoothly, but may on occasion turn out to be
grossly inaccurate. This fact may be understood as
follows: For the scattering with positive (nonzero)
energy E the number of states of the system with smaller
energy than E is infinite. Therefore, it can be shown
that the stationary value of the phase shift jumps
infinite times as the number of adjustable parameters
increases. One example of this statement can be found
in footnote 6. The variational method proposed by
Rosenberg and Spruch requires a “cut’ at some distance
from the center. As the distance is taken infinitely large
(as in the usual variational methods), M becomes
infinite.

II. VARIATIONAL METHOD WITH LINEAR
TRIAL FUNCTION

Consider the s-wave scattering of a particle by a
short-range central potential at zero energy. The

3E. A. Hylleraas and B. Undheim, Z. Physik 65, 759 (1930).
See also J. K. L. MacDonald, Phys. Rev. 43, 830 (1933).
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Schrodinger equation is

Hu(r)=[— (&*/dr")+ W (r) Ju(r)=0. €Y
The boundary conditions are taken to be
u(0)=0, ()

u(r)— A—r, for r— . 3)

The normalization of #(r) is usually arbitrary. The
condition (3) is the same as the one employed by Kohn,*
and the only condition which always leads to the upper
boundedness of the scattering length when there is no
bound state. We shall be interested only in (3) through-
out the paper. The trial function #,(r) is chosen to
satisfy the boundary conditions

w(r) = A;—r, for r— oo, (5)

where A; is an approximate scattering length. u,(r) is
assumed to be continuous and to have a continuous
first derivative. The linear trial function #, is written,
without loss of generality, as

w™ =g+ aru1+aste -+ - F-anthn, (6)

where #;(r) has the following boundary condition
(a1=A4,): Asr— o,

#y(0)=0, uo(r) > —r+0(r9), (7a)
U1 (0):01 Ml(r) — 1+O(re)) (7b)
u:(0)=0, ui(r)—O0(r9), 122, (7c)

where €<0. We can take a trial function %, with u
as the first term, but a different order than Eq. (6) in
the following terms. The conclusions which are obtained
in the following will not be altered for such a different
u™. All quantities are assumed real. The stationary
value of the scattering length, 4, is

0
A<">=a1+f u™ Hu™dy
0

=Hoo+2H 1001+ * - +2H noan
+H11012+: - +2H a0

4 Houall (8)
where

I:Iij——— f MiHujdr) 7_2]’

~0

H=— (d*/dr*)+W (r). We have used the equality:

J

in the course of deriving Eq. (8). H;:(j<?) will be
defined by Hj;;=H,;(i> j) for later convenience. This
definition is a natural one except for Ho. From the

+W. Kohn, Phys. Rev. 74, 1763 (1948).

0

(@) dr)dr =1+ f s (2o dr)dy
0
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Fic. 1. The behavior of 4 ™ is schematically shown as a function
of # when two bound states exist in the system. C, is the maximum
number of orthogonal states with negative energy expectation
value which can be constructed by linear combination of e~
oo, g™ A>0, N — 0). A™ increases in its value only when
C, increases. After two increases, 4™ converges from above to
the true value of scattering length. In general C,=m is the neces-
sary and sufficient condition required for 4 to give an upper
bound. This is true even if some of the adjustable parameters are
included nonlinearly in the trial function.

requirement that in Eq. (8) A be stationary, we have
dA™/8a;=2(Hy+Huar+- - - +Hinan)=0,
(G=1,---,m). (9
It is assumed that (9) has a meaningful solution. (If
not the variational procedure breaks down.) Equations

(9) determine a;; substituting the solution, a;, into (8)
gives the final result for 4 in the nth approximation:

AM™=Ho+3 Hiai;, A®=Hy,.

(10)
i=1
It will be proved in the last section that
AP — AW =—(D,2/B,By1), (11)
where
Bo= 1, D0= Hlo,
Hll Hln
B’IL= 2 3 b
Hnl Hn'n
Hy, H,, Hy,
Dn: H.nl H.nn I{.no
H?H—l,l Hn+l,n Hn+1,0

The nonvanishing of B, comes from the existence of
the solution (9). The sign of 4D — 4™ thus entirely
depends on the sign of B,B,y1. Let us consider the
behavior of B,. In order to see the physical meaning
of B, we shall define H;;(\) and B, (\) by introducing
the factor ¢= (A\>0) into all #,(7):

o) = [ waeHugr= Ha), (62 321),
0

Hi(\) Hy,.(\)
Bn(}\) = M .

Hu®) HuV)|

OHMURA

Notice that the elements H;y or Hy; do not appear in
B,. H;(\) and B,(\) are continuous' at A=0 as
functions of . After diagonalizing H,;(\) we have the
eigenvalues H,™. The energy expectation values E;™»
of these eigenvectors are proportional to H{™. B,(\)
is expressed in terms of E,™,

Zm n
B,\N)=H,"H,"...H, ™= (_h_) NE(™...E, ™,
2

where N is a positive constant determined by the
normalization of #,e*". The sign of B,(\) is thus
(—)%, where C, is the number of negative energy
eigenvalues (Co=0). We shall now make use of the
following inequalities on the energy eigenvalues®:

Em <K E ML BtV B < F )
S En+1(7z+l)'

(12)
From (12) we see that the number of negative eigen-
values C,y1 in the (#+41)th approximation is either

Cw{-l__‘cn"l'ly (13&)
or

Cni1=Ch. (13b)

The sign of B,(\)B.+1(\) is negative for (13a) and
positive for (13b). Since C, cannot be larger than the
number of actually existing bound states m, the number
of places where A —A4® in Eq. (11) has a positive
sign does not exceed m.

If the trial-function series is properly chosen so that
it can converge to the true solution, the number of
negative energy eigenvalues should become = when
n—> . Thus it has been shown (for A>0) that A™
makes m positive jumps® while » increases from zero
to infinity (see Fig. 1). The result is also valid for A=0
by virtue of the continuity at A=0. After m positive
jumps, A™ decreases monotonically, therefore it
always gives an upper bound.

It should be noted that C,=m is equivalent to the
condition of Rosenberg, Spruch, and O’Malley? (the
improved version obtained in the second paper of
reference 2) and is the necessary and sufficient condition
required for 4™ to give an upper bound.

When there is no bound state, 4 decreases mono-
tonically. This is quite natural in view of the upper
bound theorem of Spruch and Rosenberg. If one bound
state exists (for example, the singlet system of the
electron-hydrogen atom scattering), and if H:,<0,
A™(n>1) gives an upper bound, because B;=Hi.
Another criterion® on the upper boundedness will be
furnished if one calculates initially several 4¢ and
verifies the m positive jumps. These conclusions may

5 We assume that D,2>0 for # which satisfies (13a).

6 This criterion is also applicable to the variational method
proposed by Rosenberg and Spruch for positive (nonzero) energy
scattering; namely, a bound on some function of the phase shift
is obtained if we verify M positive jumps. See Phys. Rev. 120,
476 (1960).



VARIATIONAL METHOD

TaBLE 1. The scattering length obtained by the
variational method.

A -1 —1.69 —7.84
A© —2.00* —3.38 —15.68
AW —5.37* 21.99% 0.68
A® —5.98,* 17.311* —~3.36
A® —6.005* 17.310% 54.28*

Exact —6.007 17.300 4229

be important from a practical point of view. So far we
have dealt with the simplest scattering problem
(1)~(3), but extensions to more general cases are
clearly possible and the same conclusions are all valid.

III. ILLUSTRATIVE EXAMPLES

First example. Let us take the case of an exponential
potential well,
H=—(&*/dr)+Ne7,

and choose the trial function,

=7, Up,=e " DT—g T p>1,

The values of scattering length calculated by (9)
and (10) are shown in Table I. The number of bound
states m is zero for —1.446 <A<+ =, one for —7.618
<A< —1.446, two for —18.72<A<—7.618, etc. One
jump of 4™ occurs at A® for A= —1.69, and two jumps
occur at AW and A® for A= —7.84. Since H;<0 for
both cases, AV >A®, The values with asterisks are
certain to give upper bounds on the scattering length.

The second example is given by Hara et al.” The
scattering length of the electron-hydrogen atom scat-
tering is calculated there by assuming a linear trial
function. The scattering length in the triplet s:ate
(where bound states do not exist) decreases mono-
tonically starting from 4,=5.00 ap, 4:0=2.35 ag,
to A®=2.27 ap. (ap=the Bohr radius). There is one
increase from A4, =—7.00 ag to 4,Y=10.90 a3 in the
singlet state, where one bound state (namely, the H~
ion ground state) exists. 4,(” decreases monotonically
from 4,® to the best value of 4,9=6.22 ap in their

paper.
IV. PROOF OF EQ. (11)
The difference between A and A can be
evaluated in a straightforward manner, but it is not
very simple. We shall first make a linear transformation

of the basis vectors and diagonalize the #X# matrix
(H:). A™ in Eq. (8) now takes the form

AM=Hoo+Huc+- - +HnunCr?,

where the same notation H is used as in (8), but this
should not cause confusion. Similar procedures for (9)

(14)

7Y. Hara, T. Ohmura, and T. Yamanouchi, Progr. Theoret.
Phys. (Kyoto) 25, 467 (1961).
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and (10) give us the result

A(”)=Hoo, (15)

C1=Co="++=(,=0.

In this new system 4®* has the form,

A =Hog+Hyc’+ -+ * +Hunto®
+H i1, 001604 2+ 2(Ho,np 16041
+Hi,n1161C 011+ - +Ha ng160Cn41).

The procedure corresponding to (9) is

04 (”'H)/acz"—“ 2 (HﬁCr}‘Hi, n+1c,,+1) = 0,

(16)

(17a)

A /3¢y =2(Homp1+ 2 Hinp16s
ie=1

+Hn+1,n+16n+1)=0-
From (16), (17a), and (17b), we have

(17b)

A =Hoo— Ho ni 2 Hop1,ni1— 2,
=1 Hy

n Hinp2\™
”) . (18

B, and B,y defined in (11) are now, respectively,
B.,=HuHs: - Hpuy,

Hi i1

Hj n1

B =
" (19)
0 H,,

Hn+1,2

Hn,n—-l-l

Hn+1,1 Hn+1,n+1

n Hi,n+l2
=Bn(H7H—1;n+l_'Z )-
=1 Hy

Hn—}—l,n

By combining (18) and (19), we have

Hup1,0°Bn

Bn+1

At = 4w — (20)

If we notice that D,/B, is reduced to H 1,0 in this
system, we finally get from (20)

A = 4 (n) — (DHZ/B‘"B”_H)‘
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APPENDIX. ORIGINAL HULTHEN METHOD

It will be shown here that Hulthén’s original vari-
ational method gives a larger? value for the scattering

8 Strictly speaking, a not smaller value.
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length than Kohn’s method does, if the same trial
function is used and if the Rosenberg, Spruch, and
O’Malley condition (in the first paper of reference 2)
is satisfied. This is, however, a sufficient (not necessary)
condition. The necessary, and at the same time suffi-
cient, condition is expressed by saying that, for the
trial function (6) with # parameters, B, and F, (see
below) have the same sign. The meaning of this state-
ment will also be given.

To simplify the calculation we shall again transform
the basic vectors. The linear transform will be done
among (%o, %3, - - -, #,) only, and #, remains unchanged.
A™ now takes the form

AW =Hy+Hu+ - -+ Hun+2(Hopa1+Hoia00
+ tee +Hnlanal)- (Al)

The original Hulthén method consists of the following
equations:

(?A(”)/(?Ai: 2H ;;0;-+2H q01= 0, (1‘—_— 2, ceey 71) (AZ)

A(n)___ ai. (A3)
From (A2) and (A1) we have
n Hi?a?
A™=Hy+Hual+2Ha1— Y, (A4)

=2 i

On comparing (A3) and (A4) we obtain the value of
scattering length Ag™ in Hulthén’s original method
from the equation

Ag™=Hop+HnAa?4-2HAg™

n Hi2A g2
-2 — (AY)

=2 i

In the Kohn approximation, from the equation
9A™/9a;=0, (=1, - - -n), we have

a;=—(Ha/Hi)ay, 122 (A6)
n Hp?2 \"Hoy
a1=_(1_z ) L
i=2H11H7;1; Hll
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The scattering length 4x™ in Kohn’s method is given
by [see (10)]

Ax™ = Hoo+H1o01

n Hy?\7t
— Ho— Ho2 Him3- ) . (A9

=2 Iy

If we take the difference of (A5) and (A8), we obtain

n Hy?
A — 4 g = (Hu—z )
=2 Hy

n Hi2 "'
X[AH(")+H10(H11—Z‘—“) ] (A9)

=2 I
Since the second factor is always positive, the sign of
(A —Ax™) is-determined by the first factor which
is written B,/F, in the original system, where B, is
given by (11) and

H 22 H 2n
F,=]| : :

H n2 H nn
Therefore we come to the conclusion that Ag™ is
larger than Ag™ if B, and F, have the same sign. The
sign of both B, and F, is (—)™ (m is the number of
bound states in the system), if the condition of
Rosenberg, Spruch, and O’Malley is satisfied. Their
condition is that m orthogonal states with negative
energy expectation value can be formed by taking
linear combinations® of (s, - -,%,). The sign of F, or
B, is (—)? or (—)9, respectively, where p or ¢ is the
maximum number of orthogonal states with negative
energy value formed by (uee™,-- - ue™*) or
(u1e™ N, - - - june7), respectively. (A — 0, A>0.)

9 They assume square integrability. If us,- -« -1, are assumed to

satisfy the weaker condition (7c), these should be multiplied by
e,



