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✶✳ ❬✸✽✳✹✶❪ ❆ ♣❤♦t♦♥ ✇✐t❤ ✇❛✈❡❧❡♥❣t❤ ✵✳✶✶✵✵ ♥♠ ❝♦❧❧✐❞❡s ✇✐t❤ ❛ ❢r❡❡ ❡❧❡❝tr♦♥ t❤❛t ✐s ✐♥✐t✐❛❧❧② ❛t r❡st✳ ❆❢t❡r
t❤❡ ❝♦❧❧✐s✐♦♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ ✐s ✵✳✶✶✸✷ ♥♠✳ ✭❛✮ ❲❤❛t ✐s t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❛❢t❡r t❤❡
❝♦❧❧✐s✐♦♥❄ ❲❤❛t ✐s ✐ts s♣❡❡❞❄ ✭❜✮ ■❢ t❤❡ ❡❧❡❝tr♦♥ ✐s s✉❞❞❡♥❧② st♦♣♣❡❞ ✭❢♦r ❡①❛♠♣❧❡ ✐♥ ❛ s♦❧✐❞ t❛r❣❡t✮✱ ❛❧❧
♦❢ ✐ts ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s ✉s❡❞ t♦ ❝r❡❛t❡ ❛ ♣❤♦t♦♥✳ ❲❤❛t ✐s t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤✐s ♣❤♦t♦♥❄

• λ = 0.1100 ♥♠✱ λ′ = 0.1132 ♥♠✱ mec
2 = 511 ❦❡❱

✭❛✮ ✳✳✳

E =
hc

λ
, E′ =

hc

λ′
⇒ Te = E − E′ = hc

(

1

λ
−

1

λ′

)

= 318.3 ❡❱

❊①❛❝t ❡❧❡❝tr♦♥✬s s♣❡❡❞✿

Te = (γ − 1)mec
2

⇒ γ =
1

√

1−
(

v

c

)2
= 1 +

Te

mec2

v = c

√

1−
1

γ2
= c

√

1−

(

1 +
Te

mec

)

−2

= 0.0353c = 1.058× 107 ♠✴s

❆♣♣r♦①✐♠❛t❡ ❡❧❡❝tr♦♥✬s s♣❡❡❞✿ γ ≈ 1

Te =
mev

2

2
⇒ v =

√

2Te

me

= 1.059× 107 ♠✴s

✭❜✮ ✳✳✳

Te =
hc

λ′′
⇒ λ′′ =

hc

Te

=

(

1

λ
−

1

λ′

)

−1

=
λλ′

λ′ − λ
= 3.891 ♥♠

✷✳ ❬✸✽✳✸✼❪ ❆ ♣❤♦t♦♥ ✇✐t❤ ✇❛✈❡❧❡♥❣t❤ ✵✳✶✵✺✵ ♥♠ ✐s ✐♥❝✐❞❡♥t ♦♥ ❛♥ ❡❧❡❝tr♦♥ t❤❛t ✐s ✐♥✐t✐❛❧❧② ❛t r❡st✳ ■❢ t❤❡
♣❤♦t♦♥ s❝❛tt❡rs ❛t ❛♥ ❛♥❣❧❡ ✻✵o ❢r♦♠ ✐ts ♦r✐❣✐♥❛❧ ❞✐r❡❝t✐♦♥✱ ✇❤❛t ✐s t❤❡ ♠❛❣♥✐t✉❞❡ ❛♥❞ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❧✐♥❡❛r ♠♦♠❡♥t✉♠ ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❥✉st ❛❢t❡r t❤❡ ❝♦❧❧✐s✐♦♥ ✇✐t❤ t❤❡ ♣❤♦t♦♥❄

• λ = 0.1050 ♥♠✱ θ = 60o✱ me = 9.1× 10−31 ❦❣

• ❇❡❢♦r❡ t❤❡ ❝♦❧❧✐s✐♦♥✱ t❤❡ ♠♦♠❡♥t✉♠ ♣r♦❥❡❝t✐♦♥s px ❛♥❞ py ♦♥ t❤❡ x ✭❛❧♦♥❣ t❤❡ ♣❤♦t♦♥✬s ♣❛t❤✮
❛♥❞ y ✭♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ♣❤♦t♦♥✬s ♣❛t❤✮ ❞✐r❡❝t✐♦♥s r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ t❤❡ t♦t❛❧ ❡♥❡r❣② E ✭♦❢ t❤❡
❡❧❡❝tr♦♥ ❛t r❡st ❛♥❞ t❤❡ ♣❤♦t♦♥✮ ❛r❡✿

px =
h

λ
, py = 0 , E =

hc

λ
+mec

2

• ❆❢t❡r t❤❡ ❝♦❧❧✐s✐♦♥✱ t❤❡ s❝❛tt❡r❡❞ ♣❤♦t♦♥ ❤❛s ✇❛✈❡❧❡♥❣t❤✿

λ′ = λ+
h

mec
(1− cos θ) = 0.1062 ♥♠

❊♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠ ♣r♦❥❡❝t✐♦♥s ❛r❡ ❝♦♥s❡r✈❡❞✿

px =
h

λ′
cos θ + pe cos θ

′ , py =
h

λ′
sin θ − pe sin θ

′ , E =
hc

λ′
+
√

(pec)2 + (mec2)2

❊❧❡❝tr♦♥✬s ♠♦♠❡♥t✉♠ ✭❜② ♠❛❣♥✐t✉❞❡✮ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠✿

E =
hc

λ
+mec

2 =
hc

λ′
+
√

(pec)2 + (mec2)2
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(pec)
2 + (mec

2)2 =

(

hc

λ
−

hc

λ′
+mec

2

)2

p2
e
=

(

h

λ
−

h

λ′
+mec

)2

−m2
e
c2 =

(

h

λ
−

h

λ′

)(

h

λ
−

h

λ′
+ 2mec

)

≈ 2mec

(

h

λ
−

h

λ′

)

pe ≈ 11.68 ❦❡❱ = 6.24× 10−24 ❦❣ ♠✴s

❚♦ ❝♦♠♣❛r❡ ✇✐t❤ t❤❡ ❙■ ✉♥✐ts✱ t❤✐♥❦ ♦❢ pec ✭❛♥ ❡♥❡r❣② s❝❛❧❡✮ ❜❡✐♥❣ ✶✶✳✻✽ ❦❡❱✳ ❚❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡
❡❧❡❝tr♦♥ ✐s ❣✐✈❡♥ ❜② t❤❡ ❛♥❣❧❡ θ′ ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ♣❤♦t♦♥✬s ❞✐r❡❝t✐♦♥✳ ❲❡ ❝❛♥ ♦❜t❛✐♥ ✐t ❢r♦♠ py = 0✿

py =
h

λ′
sin θ − pe sin θ

′ = 0 ⇒ θ′ = arcsin

(

h

peλ′
sin θ

)

= 59.95o

✸✳ ❬✸✽✳✶✺❪ Pr♦t♦♥s ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ❢r♦♠ r❡st ❜② ❛ ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡ ♦❢ ✹✳✵✵ ❦❱ ❛♥❞ str✐❦❡ ❛ ♠❡t❛❧ t❛r❣❡t✳
■❢ ❛ ♣r♦t♦♥ ♣r♦❞✉❝❡s ♦♥❡ ♣❤♦t♦♥ ♦♥ ✐♠♣❛❝t✱ ✇❤❛t ✐s t❤❡ ♠✐♥✐♠✉♠ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ r❡s✉❧t✐♥❣ ❳ r❛②s❄
❍♦✇ ❞♦✇s t❤❡ ❛♥s✇❡r ❝♦♠♣❛r❡ t♦ t❤❡ ♠✐♥✐♠✉♠ ✇❛✈❡❧❡♥❣t❤ ✐❢ ✹✳✵✵ ❦❱ ❡❧❡❝tr♦♥s ❛r❡ ✉s❡❞ ✐♥st❡❛❞❄ ❲❤②
❞♦ ❳✲r❛② t✉❜❡s ✉s❡ ❡❧❡❝tr♦♥s r❛t❤❡r t❤❛♥ ♣r♦t♦♥s t♦ ♣r♦❞✉❝❡ ❳ r❛②s❄

• V = 4.00 ❦❱

• Pr♦t♦♥✬s ❦✐♥❡t✐❝ ✐s Tp = eV = 4.00 ❦❡❱ ✭✐♥ t❤❡ ✉♥✐ts ♦❢ ❡❧❡❝tr♦♥✈♦❧ts✱ ✐t ❡q✉❛❧s t❤❡ ♥✉♠❡r✐❝❛❧ ✈❛❧✉❡
♦❢ ✈♦❧t❛❣❡✮✱ ✇❤❡r❡ e = 1.6× 10−19 ❈ ✐s ♣r♦t♦♥✬s ❛❜s♦❧✉t❡ ❝❤❛r❣❡✳ ❲❤❡♥ t❤❡ ♣r♦t♦♥ st♦♣s✱ ❛t ❜❡st
❛❧❧ ♦❢ ✐ts ❦✐♥❡t✐❝ ❡♥❡r❣② ❣♦❡s t♦ t❤❡ ♣❤♦t♦♥✿

Tp = eV ≥
hc

λ
⇒ λ ≥

hc

eV
= 3.1× 10−10 ♠

• ❚❤❡ ❛❜♦✈❡ r❡s✉❧t ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ t❤❡ ♣r♦t♦♥✬s ♠❛ss✳ ❙✐♥❝❡ ❛♥ ❡❧❡❝tr♦♥ ❤❛s t❤❡ s❛♠❡ ✭❛❜s♦❧✉t❡✮
❝❤❛r❣❡ ❛s ❛ ♣r♦t♦♥✱ t❤❡ ♠✐♥✐♠✉♠ ♣❤♦t♦♥✬s ✇❛✈❡❧❡♥❣t❤ ♦❜t❛✐♥❡❞ ❜② st♦♣♣✐♥❣ ❡❧❡❝tr♦♥s ✐s t❤❡ s❛♠❡✳

• ❊❧❡❝tr♦♥s ❛r❡ ✉s❡❞ ✐♥ ❳✲r❛② t✉❜❡s s✐♠♣❧② ❜❡❝❛✉s❡ t❤❡② ❛r❡ ❡❛s✐❡r t♦ ❡①tr❛❝t ❢r♦♠ ♠❛t❡r✐❛❧s ✭❡✳❣✳
❜② t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ ❡✛❡❝t✮✳ Pr♦t♦♥s ❛r❡ str♦♥❣❧② ❜♦✉♥❞ ❜② ♥✉❝❧❡❛r ❢♦r❝❡s ✐♥ ♥✉❝❧❡✐✱ ❛♥❞ t❤❡ ♥✉✲
❝❧❡✐ ❛r❡ ❤❡❛✈② ❛♥❞ ❞❡❡♣❧② ❜♦✉♥❞ ❜② ❝❤❡♠✐❝❛❧ ❜♦♥❞s t♦ ♥❡✐❣❤❜♦r✐♥❣ ♥✉❝❧❡✐ ✐♥ ♠♦❧❡❝✉❧❡s ❛♥❞ ❝r②st❛❧s✳

✹✳ ❬✸✽✳✷✺❪ ❆♥ ❡❧❡❝tr♦♥ ❛♥❞ ❛ ♣♦s✐tr♦♥ ❛r❡ ♠♦✈✐♥❣ t♦✇❛r❞ ❡❛❝❤ ♦t❤❡r ❛♥❞ ❡❛❝❤ ❤❛s s♣❡❡❞ ✵✳✺✵✵✵c ✐♥ t❤❡
❧❛❜ ❢r❛♠❡✳ ✭❛✮ ❲❤❛t ✐s t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡❄ ✭❜✮ ❚❤❡ e+ ❛♥❞ e− ♠❡❡t ❤❡❛❞✲♦♥ ❛♥❞
❛♥♥✐❤✐❧❛t❡✳ ❲❤❛t ✐s t❤❡ ❡♥❡r❣② ♦❢ ❡❛❝❤ ♣❤♦t♦♥ t❤❛t ✐s ♣r♦❞✉❝❡❞❄ ✭❝✮ ❲❤❛t ✐s t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ ❡❛❝❤
♣❤♦t♦♥❄ ❍♦✇ ❞♦❡s t❤❡ ✇❛✈❡❧❡♥❣t❤ ❝♦♠♣❛r❡ t♦ t❤❡ ♣❤♦t♦♥ ✇❛✈❡❧❡♥❣t❤ ✇❤❡♥ t❤❡ ✐♥✐t✐❛❧ ❦✐♥❡t✐❝ ❡♥❡r❣②
♦❢ t❤❡ e+ ❛♥❞ e− ✐s ♥❡❣❧✐❣✐❜❧② s♠❛❧❧❄

✭❛✮ v = 0.5000c✱ mec
2 = 511 ❦❡❱

Ee = γmec
2 =

mec
2

√

1−
(

v

c

)2
= 590 ❦❡❱

Te = (γ − 1)mec
2 = 79.05 ❦❡❱

✭❜✮ ❚✇♦ ♣❤♦t♦♥s ❛r❡ ♣r♦❞✉❝❡❞ t♦ ❝♦♥s❡r✈❡ ❜♦t❤ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠✳ ❚❤❡ t♦t❛❧ ♠♦♠❡♥t✉♠ ♦❢
t❤❡ ❡❧❡❝tr♦♥ ❛♥❞ t❤❡ ♣♦s✐tr♦♥ ✇❛s ③❡r♦✱ s♦ t❤❡ t✇♦ ♣❤♦t♦♥s ♠✉st ❤❛✈❡ t❤❡ s❛♠❡ ♠♦♠❡♥t❛ ❛♥❞
♣r♦♣❛❣❛t❡ ✐♥ ♦♣♣♦s✐❞❡ ❞✐r❡❝t✐♦♥s✳ ❍❡♥❝❡✱ t❤❡② ♠✉st ❛❧s♦ ❤❛✈❡ t❤❡ s❛♠❡ ❡♥❡r❣②✿

Eγ = Ee = 590 ❦❡❱
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✭❝✮ ✳✳✳

Eγ =
hc

λ
⇒ λ =

hc

Eγ

= 2.101× 10−12 ♠

✺✳ ❬✸✽✳✶✸❪ ❲❤❡♥ ✉❧tr❛✈✐♦❧❡t ❧✐❣❤t ✇✐t❤ ❛ ✇❛✈❡❧❡♥❣t❤ ♦❢ ✷✺✹ ♥♠ ❢❛❧❧s ♦♥ ❛ ❝❧❡❛♥ ❝♦♣♣❡r s✉r❢❛❝❡✱ t❤❡ st♦♣♣✐♥❣
♣♦t❡♥t✐❛❧ ♥❡❝❡ss❛r② t♦ st♦♣ ❡♠✐ss✐♦♥ ♦❢ ♣❤♦t♦❡❧❡❝tr♦♥s ✐s ✵✳✶✽✽ ❱✳ ✭❛✮ ❲❤❛t ✐s t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ t❤r❡s❤♦❧❞
✇❛✈❡❧❡♥❣t❤ ❢♦r t❤✐s ❝♦♣❡r s✉r❢❛❝❡❄ ✭❜✮ ❲❤❛t ✐s t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❢♦r t❤✐s s✉r❢❛❝❡❄

✭❛✮ λ = 254 ♥♠✱ Vs = 0.181❱ ✳✳✳ ❋✐♥❞ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ φ ❢♦r ❝♦♣♣❡r ✐♥ ❛ t❛❜❧❡✱ ♦r s♦❧✈❡ ✜rst t❤❡
♣❛rt ✭❜✮✿

Te = Eγ − φ =
hc

λ
− φ > 0 ⇒ λ <

hc

φ
= 264♥♠

✭❜✮ ✳✳✳

Te = Eγ − φ =
hc

λ
− φ = eVs ⇒ φ =

hc

λ
− eVs = 4.70 ❡❱

✸✷


